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ABSTRACT

SCALABLE PRODUCTION AND APPLICATIONS OF METAL OXIDE
NANOWIRES
Tu Quang Nguyen
August 5th 2016
Metal oxide nanowires are materials of interest in number of applications such as
lithium ion batteries, solar cells, catalyst support, and gas sensing due to their unique
charge transport properties and short diffusion length scales. To incorporate nanowires
for any applications, one would need hundreds of grams to kilograms of these nanowires.
However, state-of-the-art methods for producing metal oxide nanowires are limited to
producing only milligrams to a gram in a batch. Hence, there is a need to develop
scalable and cost effective processes and reactors to address this challenge.
Direct gas phase oxidation of zinc metal powders using a downward atmospheric
microwave plasma allowed producing 50-100 grams of zinc oxide nanowires per day.
The downstream plasma reactor has certain limitations in terms of scalability: short
residence time and plasma instability. Thus, a more improved reactor design is needed for
continuous production of nanowire materials at commercially viable production rates.
In this dissertation, a fluidized bed reactor is designed and studied for scalable
production. The key feature of the reactor involves feed particles being fluidized in the
vi

flame to increase residence time. The reactor is equipped with cyclone and bag house
filter housing enabling efficient powder collection and allows continuous production.
Experiments using fluidized bed reactor produced single crystalline nanowires of about
30-200 nm in diameter and 0.5 – 2 µm in length. The nanowire morphology could be
controlled by gas flow rate, powder feeding rate and flame type. A production rate of 1.2
kg of nanowires per hour and yield of about 90% has been demonstrated. The zinc oxide
nanowires prepared in this work have been tested as catalyst support for hydrodesulfurization of diesel. The sulfur content was reduced from 200 ppm to less than 1
ppm and the catalyst was active for over 100 hours.
Another concept termed as solvo-plasma oxidation has been demonstrated earlier
with producing nanowires of titania and related transition metals. The technique involves
the synthesis of nanowires using oxidation of metal containing precursors in the presence
of alkali salts. The reaction time scales were on the order of few seconds to a minute
which is about 3 to 4 orders of magnitude faster than that using a hydrothermal method.
Growth rates higher than 1 µm/min were obtained. Here, the concept is studied with tin
oxide first to see the ability to produce nanowires and then to understand the mechanism
responsible for one-dimensional growth. Experiments reveal that the intermediate phase
of potassium stannate could be held responsible for the 1D growth. In addition,
experiments also confirm that the solvo-plasma technique is generic for synthesizing
most of metal oxides nanowires including titania, cobalt oxide, manganese oxide,
tungsten oxide, zinc oxide, and tin oxide nanowires. A simple lab-scale roll-to-roll setup
can produce up to 300 grams per hour.
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Tin oxide nanowires find applications in lithium ion batteries. However, asproduced tin oxide nanowire powders are not chemically stable with respect to cycling.
Previously, the nanowires were shown to be stable when they were reduced to produce
decoration of tin clusters on their surfaces. Here, the tin oxide nanowires were treated
with ultra-thin layers of titania or alumina coating as thin as 1 nm to understand the
stability with respect to lithium ion cycling. No initial capacity loss due to SEI formation
was found which increased the reversible capacity retention. Both titania- and aluminacoated tin oxide nanowires exhibited tin migration through the coatings to form tin
nanoclusters. The compressive stress build-up during lithium intercalation and the
enhanced diffusion of tin during lithium de-intercalation allowed for migration of tin to
outside of coatings. The results obtained with tin should be applicable to other high
capacity materials such as silicon.
In summary, two types of scalable production for metal oxide nanowires were
studied: A fluidized bed involving plasma and other types of flames for implementing
direct oxidation of low-melting metals is studied with great success. In the second
concept, the plasma oxidation of tin oxide materials dissolved in alkali salts is studied to
understand the intermediate steps responsible for one-dimensional growth. Studies further
showed that the second concept could also be implemented using fluidized bed reactor
for scalable production. Finally, the bulk produced zinc oxide nanowires and tin oxide
nanowires have been tested in hydro-desulfurization and lithium ion battery applications,
respectively. In the case of lithium ion battery application, the bulk produced nanowires
exhibited stability with cycling when coated with ultra-thin layers of tinania and alumina.
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CHAPTER I

INTRODUCTION
1.1 Nanotechnology today
Following the introduction of carbon nanotubes by Iijima in 1991 [1], there has
been an enormous interest in nanotechnology as evidenced by a huge investment of
approximately $19.4 billion in nanoscale science, engineering, and technology from
FY2001 through FY2014 by the United States government [2]. Nanotechnology deals
with variety of things ranging from the science and engineering to the applications of
nanomaterials. Nanomaterials are composed of crystals with one of the dimensions to be
less than 100 nm in length. Nanomaterials can be grouped into zero-(0D), one- (1D) or
two-dimensional (2D) nanomaterials. The dimensional designation is defined as the
number of dimensions that allows motion of transport carrier. 0D nanomaterials include
nanoparticles, quantum dots, or nanocubes and 2D nanomaterials refer to thin films. The
most desired nanostructures are 1D nanomaterials that comprise of nanowires, nanorods,
nanotubes, nanofibers, nanoribbons, nanobelts and nanoneedles, etc. In contrast to bulk
materials, reduction of grain sizes in nanomaterials provides unusual changes in both
chemical and physical properties such as fast carrier transport, short diffusion length, and
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good strain relaxation[3]. Throughout the development and manipulation of these
nanomaterials over last two decades, scientists and engineers have been able to bring
nanomaterials into very promising opportunity and applications in energy, environment,
health, medicine, transportation, communications, military, security, etc.
1.2 Applications of metal oxide nanowires
A recent report in Nature has quoted that “Nanowires, nanorods or nanowhiskers.
It doesn't matter what you call them, they're the hottest property in nanotechnology”[4].
Indeed, nanowires or 1D nanomaterials have attracted great research interest due to
unique properties that allow them to be ideal building blocks in important applications,
such as catalyst supports [5, 6], absorbents [7], batteries [6], solar cells [8], capacitors,
sensors [9], and polymer composites [10]. In particular, metal oxide nanowires have
emerged as one of the most important class of 1D nanomaterials – as they tend to be
single crystalline with well-defined surfaces, they possess excellent surface and bulkcharge-carrier-transport properties [11].
Currently, most technological applications are using bulk materials, though there
are a few emerging applications using nanoparticles due to their availability and ease of
manufacturing in large quantities. All of the applications using nanowire materials have
been demonstrated only at lab scales and a full commercial device prototype using
nanowire materials has not been realized yet. Charge transport in nanoparticles, shown in
Figure 1.2.1a, is usually very poor due to electron hopping through the inter-particle
network. Nanowires of the same material usually exhibit much better charge transport
properties due to their single crystalline pathways for both surface and bulk transport
(Figure 1.2.1b). They also can provide better strain relaxation for volume expansion
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during charging/discharging in lithium ion batteries. Thus, the use of nanowires can
enhance performance by at least an order of magnitude. For instance, the use of tin oxide
nanowire-based anodes has been reported to improve capacity retention in lithium-ion
batteries [6].

Figure 1.2.1: Schematic of electron transport through a) nanoparticles and b) nanowires
In terms of catalysis applications, nanowire based materials are providing multifold advantages for catalyst design. The single crystal nature and faceting improve the
properties of the supported catalytically-active metals through the resulting metal cluster
morphology. The well-defined surface facets provide higher concentration of desired
sites [12]. Especially, nanowire support undergoes less sintering than the conventional
supports of bulk or spherical particles [7, 13]. As shown in Figure 1.2.2, nanowire
support shows much less sintering than conventional support of particles thus
maintaining high surface area for active sites for catalytic activity. Recently, zinc oxide
nanowires have been shown to be an excellent catalyst support for ultra-deep
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hydrodesulfurization of diesel fuel. The advanced catalyst of Ni metal supported on zinc
oxide nanowires could lower the sulfur content from 200 ppm to 1 ppm [14].

Figure 1.2.2 Schematic of sinterability of a) conventional nanoparticles and b) nanowire
powders.
1.3 Motivation for this study
The motivation for this study on scalable methods for producing metal oxide
nanowires is based on two primary reasons: (1) critical need for obtaining large
amounts of nanowires for realizing any industrially relevant application; and (2)
lack of both scalable concepts and reactors for producing any nanowire materials
such as metal oxide nanowires.
As mentioned earlier, all of the applications using nanowire materials have been
shown only at lab scale and a full commercial device prototype using nanowire materials
has not been realized yet because there is no such amount of nanowire materials that is
enough for even a simple testing and prototyping. For instance, in order to build a 48-cell
power assist HEV battery, one would need 4.8 kg of active materials for anode and 7.5 kg
of active materials for cathode (Table 1.3.1). The requirements for catalysis also require
large quantity production at a scale of hundreds of tons per year. Thus, a simple and
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facile method for bulk production of nanowires is required to fully utilize the
advantages of nanowires over bulk and nanoparticles.
Table 1.3.1: Material quantities incorporated into cell windings of 48-cell power assist
HEV battery. Adapted from Ref. [15]

Even though metal oxide nanowires have been paid extensive investigation over
the past two decades, practical applications based on metal oxide nanowires are still
challenging due to a limited scalability of current methods for producing nanowires. The
state of the art methods for producing nanowires are traditional liquid phase methods
such as hydrothermal synthesis, and traditional gas phase methods such chemical vapor
deposition. Unfortunately, they are all limited to produce only a few hundred milligrams
of nanowires and are all not scalable or difficult to scale up. Therefore, a generic
scalable method to produce metal oxide nanowires at kilograms’ scale or
commercial scale has both scientific and technological significance.
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1.4 Proposed concepts for scalable production and uses for metal oxide nanowires
Sunkara’s group has developed two scalable techniques for producing 1D
nanomaterials including direct oxidation and solvo-plasma oxidation[16, 17]. Direct
oxidation involves formation of metal oxide nanowires in gas phase by reacting micro
size metal powders with plasma flame containing oxidizer species such as oxygen
radicals (Figure 1.4.1 a). Accordingly, nanowire production experiments were conducted
using a downward atmospheric microwave plasma reactor [18]. However, this reactor has
certain limitations in terms of scalability. The reason for this limited scalability is due to
plasma instability and extremely short residence time of 0.01 second induced by drag
force exerted on the particles. In this dissertation, a fluidized bed reactor is proposed for
large scale production of metal oxide nanowires in direct oxidation scheme. The key
feature of this design is long residence time, which is due to fluidizing phenomena of
starting materials inside the reactor chamber. A stainless steel reactor will be equipped
with either a plasma flame or hydrocarbon flame at the bottom (Figure 1.4.1 b). The
reactor is also equipped with cyclone and bag house filter enabling efficient powder
collection and allows continuous production. The zinc oxide nanowire production will be
studied using a fluidized bed using both microwave plasma and hydrocarbon flames.
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Figure 1.4.1: a) Schematic of direct oxidation of metal powder and b) proposed reactor
setup
The above concept of direct gas phase oxidation has certain limit for high melting
point metal like titanium, manganese, and tungsten. Experiments with these high melting
point metals usually resulted in nanoparticles instead of nanowires[18]. Using the second
technique, termed as solvo-plasma oxidation, metal oxide nanowires could be produced
in very short time scale of 1 to 5 minutes[16]. Hence, tin oxide nanowires will be
synthesized using solvo-plasma oxidation. The growth mechanism for the case of tin
oxide will be examined to confirm the generic aspects of solvo-plasma method for
producing other metal oxide nanowires. The scalability of solvo-plasma technique will
also be studied.
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Figure 1.4.2: Schematic of solvo-plasma oxidation of titania nanowire arrays and powder.
Adapted from Ref. [16]
Tin oxide nanowires attract great interest for lithium ion battery applications.
However, as-produced tin oxide nanowire powders are not chemically stable with respect
to cycling. Here, the tin oxide nanowires will be coated with ultra-thin layers of titania or
alumina coating as thin as 1 nm to understand the stability with respect to lithium ion
cycling.
Nanowire based materials are providing several advantages in catalyst application
such as low sinterability and high surface area. However, there are no studies on
nanowire based materials for catalyst support applications yet due to non-availability of
such methods for producing nanowire materials at large quantities. Hence, the bulk
produced zinc oxide nanowires will be studied as catalyst support for hydrodesulfurization of diesel.
1.5. Objectives of this study
The overall objective of this dissertation is to study the feasibility of scalable
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methods for producing nanowires in bulk quantities. Several nanomaterials such as
titania, alumina, and fumed silica have been commercial produced using flame spray
pyrolysis[19]. However, this method does not work for producing metal oxide nanowires.
In some random experiments, zinc oxide nanorods can be produced but it is difficult to
control their formation or it requires expensive starting materials.
Even though, the concept of oxidation of micron scale metal powders has been
shown to produce metal oxide nanowires specifically in the case of Zinc and related lowmelting metals. However, there are several challenges exist with scale-up of the
technique and these challenges include understanding of the role of residence time for
oxidation and time scale for fluidization and the corresponding engineering designs for
reactors. In addition to the use of highly reactive oxygen radicals from plasma sources, it
is also important to understand whether the oxidation of metal particles using hydroxide
radicals will result in nanowire growth without vaporizing metal particles.
Similarly, the concept of solvo-plasma oxidation scheme involving oxidation of
metals and metal oxides in the presence of alkali salts is interesting for producing
nanowires. However, very little is understand about the generic aspects about this concept
both in terms of its applicability to a variety of materials systems including low-melting
metals and the underlying mechanism responsible for one-dimensional growth. Such
rationalization is important for making this technique applicable for many other systems
and also toward scale-up using the above mentioned fluidization schemes.
So, the main objectives of this dissertation are the following:
•

Investigate limitations on using downstream atmospheric microwave reactor for
producing zinc oxide nanowires using direct oxidation scheme. Study the
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properties of produced zinc oxide nanowires in an industrially relevant application
such as catalyst supports.
•

Investigate the use of custom-designed, upward flow and fluidized reactor with
production of zinc oxide nanowires using direct oxidation of zinc powder. Also,
investigate the feasibility of using hydrocarbon flames instead of microwave
plasma discharges.

•

Study solvo-plasma oxidation scheme for producing tin oxide nanowires and study
the underlying mechanisms responsible for one-dimensional growth under this
technique. Study the concept with other materials systems and versatility of the
concept and also scalable production using fluidized bed reactor.

•

Study the bulk produced tin oxide nanowires and ways to improve their stability
with cycling in lithium ion battery application.

1.6 Dissertation outline
This dissertation comprises of eight chapters. Chapter 1 introduces 1D
nanomaterials and their applications, the need for development of scalable method for
producing 1D nanomaterials at large scale, and objective of the work. Chapter 2 reviews
the state of the art methods for producing nanomaterials with an emphasis on nanowires
and nanorods of metal oxide such as tin oxide and zinc oxide. The reactor design and
assembly, methodology and experimental, and material characterization used in this work
will be described in Chapter 3. Chapter 4 describes the results with zinc oxide nanowires
produced using fluidized bed reactor. An investigation on understanding of nanowire
morphology control and process optimization for high yield is detailed. A discussion of
zinc oxide nanowires as catalyst support for hydro-desulfurization of diesel is also given.
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Chapter 5 talks about a scalable solvo-plasma method for producing tin oxide nanowires.
A focus on growth mechanism and scalability is presented. Chapter 6 discusses solving
the problem with volume expansion and initial capacity loss of nanowire based anodes
for lithium ion battery application. Finally, Chapter 7 summarizes the work and Chapter 8
gives recommendation for future work.
1.6 Impact of this dissertation
The state of the art for nanowire synthesis is limited to produce only a few
milligrams to a few hundreds grams which is not sufficient for any industrial
applications. A facile, reliable, and scalable method for nanowire production will allow
prototyping and designing a near commercial scale reactor for industrial applications.
Eventually, economical manufacturing methods for nanowire materials are crucial for the
US to realize the impact of nanotechnology as a goal of the Launch of National
Nanotechnology Initiative in 2000 [2].
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CHAPTER II
BACKGROUND
2.1 Introduction
0D nanomaterials are the easiest form of nanostructured materials that could be
produced in bulk quantities. Commercial production of several nanoparticles at ton-scale
such as carbon black, fumed silica and titania has been reported using salt solutions as
precursor by classical flame or flame spray pyrolysis [20]. The formation of nanoparticles
is straightforward and simple. The salt precursor is usually sprayed as small droplets into
the combustion chamber for oxidation. The mechanism involves the oxidation of
precursor in gas phase to form metal oxide molecules or nuclei. The metal oxide
molecules/nuclei undergo coagulation, sintering and surface growth to form metal oxide
nanoparticles. The small metal oxide nanoparticles can be aggregated to form group of
nanoparticles. In other words, nanoparticle growth occurs in all of the dimensions
surrounding the nuclei. Figure 2.1.1 showed a typical mechanism responsible for
formation of titania nanoparticles using titanium tetraisopropoxide (TTIP) solution
precursor by spray flame pyrolysis.
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Figure 2.1.1: Schematic formation of titania nanoparticles in gas phase using TTIP
precursor

Cylindrical shape likes 1D nanomaterials are highly desired nanostructured
materials compared to 0D nanomaterials. However, the formation of 1D nanomaterials
differ significantly from that of nanoparticles. To form a 1D nanomaterial, the growth
must occur preferentially in one dimension. Vapor-liquid-solid (VLS) is one of the first
growth mechanism proposed by Wagner et al. [21] for growth of 1D nanomaterials
assisted or catalyzed by the use of gold clusters. The reaction kinetics include four steps:
(1) mass transport of species in the gas phase to surface of molten metal particles; (2)
chemical reaction among species at the vapor-liquid interface; (3) diffusion of species
through the molten metal particles; (4) incorporation of supersaturated species into 1D
nanomaterials[22]. The selection of metal particle catalyst is crucial for 1D growth.
Typically, an expensive metal like Au is used.
Since, there has been an increasing attention to 1D nanomaterials, a large number
of techniques for 1D growth have been investigated. These techniques can be grouped
into two classes: top-down and bottom-up methods. Top-down methods include ball
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milling, and etching. However, the top-down methods are typically used for micro/nanoparticle production or feature patterning in semiconductor industry which is not
efficient for producing 1D materials at large scale. Bottom-up methods can again be
classified into liquid phase and gas phase techniques. Liquid phase techniques usually use
water or organic solvent as growth media. Gas phase techniques are approaches where
the growth occurs in gas phase. The following discussion gives an overview of bottom-up
methods for 1D growth of metal oxides. There will be more focus on reviewing prior
work on the production methods for zinc oxide and tin oxide nanowires or nanorods. The
plasma based techniques and hydrocarbon flame based techniques are also covered in
more detail.
2.2 Liquid phase techniques
Liquid phase techniques have been widely used for synthesis of 1D
nanomaterials. Liquid phase approaches have several advantages such as a simple
reactor, low cost, and low temperature. These include precipitation, hydrothermal, solvothermal, so-gel, and electrochemical.
2.2.1 Precipitation method
Precipitation is a widely used method for synthesizing 0D and 1D nanomaterials,
particularly metal oxide nanowires and nanorods. The precipitation involves formation of
precipitates by hydrolysis of metal salt in basic pH. The precipitates may remain in
suspension. Therefore, a centrifugation step is required to separate the precipitates. The
washing, calcining and milling steps are followed to obtain the nanomaterial product. The
synthesis of 1D nanomaterials such as nanowires or nanorods often requires the use of a
catalytic seed layer. The precipitation is commonly controlled by pH of solution, reaction
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time and temperature.
Zinc oxide nanorods have been prepared by Terasako et al. using precipitation
method at 90 oC on CuO substrate coated with Au film as seed layer [23]. Zinc nitrate
was used as precursor and hexamethylenetetramine was used to control the pH. It found
that the nanorod length increases with increasing concentration of zinc nitrate. A similar
study done by using Al-Asadi et al. for zinc oxide nanowires [23]. The zinc oxide
nanoparticles were used as seed layer. Zinc oxide nanowires of 45 nm in diameter and 11.3 microns in length were obtained after 16 hours of reaction time.
2.2.2 Hydrothermal and solvothermal methods
Hydrothermal and solvothermal methods are carried out in a solution containing
solvents and a soluble metal salt precursor. Solvent for hydrothermal synthesis is water
while the solvothermal requires an organic solvent such as ethylene glycol. A Teflonsealed stainless steel autoclave is used as a reactor where solutions of solvent and
precursor are gradually heated up to 100-300 oC at pressures higher than 1 bar for
duration spanning several hours to days. The 1D growth involves nuclei formation from a
supersaturated solution. The morphology, crystallinity, and purity of resulting 1D
nanomaterials can be controlled by changing the temperature, pressure, solvent,
surfactant, precursor concentration, pH of solution or template.
For example, Cheng et al.[24] reported a hydrothermal method for zinc oxide
nanowire arrays using zinc acetate as zinc precursor and hexamethylenetetramine as
hydroxide source. A layer of zinc oxide particles of 5 nm in diameter was used as seeds
on Si substrate. The synthesis was carried out at 90 oC for 60 minutes followed by
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washing and baking. Zinc oxide nanowires also were hydrothermally synthesized without
using any seed [25]. The nanowires were shown to be 30-50 nm in diameter and 200 –
600 nm in length. The nanowires were then functionalized by Au nanoparticles for gas
sensor application.
Doping during liquid phase synthesis is usually a challenge as the dissolution of
dopant into the solution occurs before getting incorporated into the host materials. By
mixing the precursor solution of zinc nitrate and manganese nitrate, Mn-doped ZnO
nanorods have been successfully synthesized using hydrothermal method. The
incorporation of Mn was reported to change shape, size and density of the nanorods [26].
In a recent study, Pal et al.[27] showed gram-scale synthesis of various tin oxide
nanostructures including nanowires. SnCl4.4H2O and NaOH were used as precursor for
the synthesis in an autoclave at 180-225 oC for 12 or 24 hours. There was no surfactant
used. The shape of resulting tin oxide was highly influenced by pH, in which tin oxide
nanoparticles were produced at lower pH (5-7) while tin oxide nanowires were produced
at higher pH of greater than 9.
Solvothermal synthesis is similar to hydrothermal synthesis except the fact that
non-aqueous solvent is used. Tungsten oxide nanorods have been synthesized via
solvothermal approach at 200 oC for 9 hours using ethylene glycol as solvent. Ethylene
glycol was believed to play important role as soft template in the formation of
nanorods[28].
Many other metal oxide nanowires such as TiO2[29], MnO2 [30], Co3O4 [31],
CuO[32], WO3 [28, 33] were also successfully prepared using hydrothermal or
solvothermal synthesis. Even though, a large number of metal oxide nanowires can be
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synthesized via hydrothermal technique, the 1D growth mechanism is not well
understood. Long reaction time scale up to a day is one of the facts that make
hydrothermal/solvothermal unsuitable for large scale production of 1D nanomaterials.
The other issue with these methods include the use of high volumes of solvent in a
pressurized autoclave.
2.2.3 Electrochemical and sol-gel syntheses
Electrochemical and sol-gel methods are usually carried in templates for 1D
growth. The templates serve as a scaffold for 1D materials growth. The template will be
removed by selective etching. The electrochemical synthesis is carried out in a standard
electrochemical cell. A template works as a working electrode where 1D growth occurs.
The working, counter, and reference electrodes are immersed in the electrolyte of the
electrochemical cell. The electrolyte is usually a salt solution of the metal which is the
source for depositing desired metal oxides on the working electrode. The deposition rate
can be controlled by potential and current applied between electrodes, concentration of
electrolyte and material nutrient. The diameter and length of nanowires can be controlled
using template dimmesions. Track-etch membranes (TEM), anodic alumina membranes
(AAM), or diblock copolymer are widely used as templates for electrochemical and solgel synthesis. For example, zinc oxide nanowires were synthesized by electrodeposition
of zinc nitrate in AAM template [34]. In another study, Lai et al. reported a preparation of
tin oxide nanotubes by electrochemical deposition technique using TEM template [35].
The electrochemical deposition is relatively fast method due to fast driving force induced
by applied potential.

17

Sol-gel as a liquid phase method has been widely used for nanostructure synthesis
including 1D nanomaterials of metal oxides. The sol-gel process involves the hydrolysis
followed by condensation of precursor solution to form colloidal solution (sol). The sol
solution is further converted to solid wet gel. The alkoxides are typical precursors for solgel synthesis. AAM is commonly used as template in sol-gel. For example,
polycrystalline zinc oxide nanowires and nanotubes have been synthesized by sol-gel
method using AAM as template[36]. Sol-gel is a simple method in which no major
equipment is used. However, it is relatively slow because of slow diffusion of sols in
solution and template. The deposition rate can be increased by heating the template or
applying electric filed to enhance the diffusion of sols.
In any case, the use of a template in electrochemical or sol-gel method suffers
from two major drawbacks: (1) template fabrication and (2) removal of template. To
overcome these drawbacks, researchers have utilized thin seed layer of ZnO or Au for the
synthesis of zinc oxide nanorods using template-free electrochemical deposition[37, 38].
Recently, zinc oxide nanowires or nanotubes have been grown using template-free
electrochemical deposition using zinc foil as anode[39]. These techniques involving
catalytic seed layer and templates could be useful for studies involving 1D nanomaterials
at small scale but not for applications that require large quantities beyond kilogram scale
for commercial implementation.
2.2.4 Microwave assisted synthesis
As reviewed previously, all of the liquid phase techniques require relatively long
reaction time scale which can typically be anywhere from several hours to days long. In
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all of those techniques, heat transfer occurs among materials by conventional conduction,
convection and radiation, which can lead to a temperature gradient between bulk and
surface. The microwave irradiation heating, on the other hand, offers a unique heating
mode due to the use of microwaves. The microwave field causes an internal friction
among molecules in dielectric materials, which results in lower activation energy,
uniform temperature from bulk and surface, and eventually faster growth of
nanomaterials[40].
Microwave assisted synthesis can apply to all of the liquid phase synthesis
techniques by replacing the conventional heating source by microwave irradiation
heating. For example, the reaction time for the synthesis of zinc oxide nanorods have
been reduced significantly to about 2 minutes using microwave irradiation heating [41].
The growth rate for zinc oxide nanowire synthesis has also been increased up to 75-100
nm/min using microwave assisted hydrothermal method, which is much higher than that
of a conventional hydrothermal method[42]. Krishna et al. has shown that the microwave
assisted hydrothermal synthesis results in higher yield in shorter time compared with the
conventional hydrothermal synthesis for the case of tin oxide nanoparticles[43]. In
another study, tin oxide nanotubes have been synthesized using microwave assisted
hydrothermal synthesis where the reaction time was reduced significantly [44].
2.2.5 Summary of liquid phase techniques
Liquid phase techniques have several advantages such as simple equipment, low
cost, and low temperature. However, there are lots of challenges that limit their
scalability. They require the use of a large amount of solvent which can be either water in
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the case of techniques such as precipitation, hydrothermal, electrochemical or expensive,
toxic organic solvent in the case of techniques such as hydrothermal and solvothermal.
Water or toxic organic solvent waste may cause a serious issue with the environment.
They also need lengthy reaction times of a few hours to even days in batch mode which
results in low production capacity of no more than gram quantity per day. The batch
mode operation and a sealed autoclave as reactor make it difficult for production scaling
up. Additional steps such as washing and calcining are commonly required for liquid
phase techniques. In any method using templates, two additional steps of fabricating and
removing template are also required. In summary, liquid phase techniques are not suitable
methods for large scale production of 1D nanomaterials.
2.3. Gas phase techniques
Gas phase synthesis techniques have been widely used for synthesizing 1D
nanomaterials in various materials systems. The gas phase synthesis techniques have
shown advantages over liquid phase synthesis techniques. Vapor-liquid-solid (VLS) is
the primary growth mechanism proposed by Wagner et al. [21] for 1D nanomaterials.
The mechanism is depicted in Figure 2.3.1. Briefly, gas phase species of desired
nanowires are adsorbed and dissolved into molten metal catalyst to form molten alloy
droplets. Continuous dissolution of gas phase species into molten metal catalyst results in
the supersaturation of the desired materials in the molten alloy droplets, eventually the
desired materials precipitate out from the molten alloy droplets at the solid-liquid
interface in the form of nanowires [22]. This mechanism has been used extensively for
the synthesis of semiconductor nanowires such as silicon, germanium nanowires or
nanotubes such as carbon nanotubes.
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Figure 2.3.1: Schematic of 1D growth using VLS: (a) metal catalyst on substrate, (b)
formation of liquid alloy droplets, (c) and (d) supersaturation leads to 1D growth by tipled growth. Adapted from ref. [22]
The growth occurs on a substrate in the presence of metal catalyst by either tip-led
or basal growth. Thus, the nanowire diameter can be controlled by the metal catalyst size.
Each of catalyst droplet results in a single nanowire. Typically, an expensive metal like
Au is used. One requirement for the metal catalyst is that metal catalyst must be able to
form a liquid alloy with desired species, thus the reaction commonly takes place at high
temperature.
Recently, Sunkara’s group has developed techniques that allows synthesizing 1D
nanomaterials of low melting point metals without using any catalyst. For example,
gallium oxide nanowires, nanotubes have been synthesized using gallium metal[45]. In
this technique, nucleation of gallium oxide occurs on the substrate and acts as catalyst for
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further growth of nanowires, nanotubes as same as traditional VLS growth. In a sequent
study, it found that several low melting point metals such as gallium, zinc, tin show low
solubility for several element semiconductors. Thus, large size catalyst particles can be
used to support bulk nucleation on the surface. This bulk nucleation lead to bulk growth
of nanowires from a single, big metal particles[46]. Following these studies, bulk
production of zinc and tin oxide nanowires have been reported, which includes direct gas
phase oxidation of micron size zinc metal for zinc oxide nanowire production at hundredgrams scale[17].
2.3.1 Chemical vapor deposition
Chemical vapor deposition (CVD) is a traditional method that utilizes VLS
mechanism for 1D growth. A tubular reactor made by quartz is typically used in CVD as
shown in Figure 2.3.2. Gas phase precursor such as silane and germane for silicon and
germanium nanowires respectively is preferred but solid precursor such as oxides of zinc
and tin for zinc oxide and tin oxide nanowire synthesis can be used. When solid precursor
is used, the substrate is placed at downstream. The vapor phase reactants are either
carried into the reactor by carrier gas or vaporized from an alumina boat. The heating unit
is used to control the temperature. The chamber pressure is kept at relatively lower than
100 Torr to create laminar gas flow. The variables include temperature, pressure,
precursor type, precursor concentration for gas precursor, substrate configuration.
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Figure 2.3.2: Schematic of a CVD reactor
For example, zinc oxide nanowires of 70 nm in diameter and 1 micron in length
were synthesized using CVD [47]. A mixture of zinc oxide powder and graphite was used
as precursor and was placed at the upstream. Argon was used as carrier gas. At high
temperature, zinc oxide was reduced to zinc metal vapor by graphite. Zinc vapor reacted
with oxygen on Au catalyst to form zinc oxide. The supersaturation of zinc oxide in Au
catalyst resulted in growth of zinc oxide nanowires. It found that the dimension of the
nanowires depends on the deposition time and thickness of the Au layer. Temperature is
one of the most important factors in CVD that directly influences precursor evaporation,
specie diffusion, and alloy formation. Yuan et al. [48] reported that the morphology
evolution of zinc oxide nanostructures from zinc metal foil depends on the oxidation
temperature. A thick layer of zinc oxide was obtained at the temperature lower than
melting point; zinc oxide nanowires at temperatures between melting points and boiling
points; and zinc oxide nano-tetrapods at the temperatures above the boiling point.
Similarly, tin oxide nanowires, indium oxide nanowires have been synthesized
using CVD [49]. A thin Au film on substrate acted as catalyst. The oxides of tin and
indium were mixed with carbon nanotubes to form precursors. The substrate temperature
was found to be a crucial factor for controlling morphology of resulting nanostructures.
Sunkara et al. presented a simple CVD for tin oxide nanowire synthesis [50]. Small tin
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balls were vaporized and transported towards the substrate as liquid droplets. The tin
droplets reacted with oxygen to form tin oxide nuclei. The selective wetting of tin vapor
onto tin oxide nuclei led to growth of tin oxide nanowires on quartz substrate.
The requirement of a volatile precursor (Si, Ge, Carbon) or low melting point
meal (Sn, Zn) makes it difficult to produce 1D nanomaterials of high melting point
metals such as tungsten or molybdenum. A modified version of CVD which is hotwire
CVD (or hotfilament CVD) can be used to produce tungsten oxide or molybdenum oxide
nanowires and nanorods. As shown in Figure 2.3.3, a hotwire CVD setup is similar to
traditional CVD setup except that metal filaments as precursor wound on top of ceramic
rods. The metal filament is resistively heated up due to Joule heating when a voltage is
applied. Tube furnace can be used to control the temperature of the substrate. Under Joule
heating, oxygen reacts with hot-filament to form metal oxide vapor. By controlling the
transport of metal vapors, metal oxide vapors using temperature or reactant gases, metal
vapor or metal oxide vapor get deposited on the substrate in form of nanowires. For
example, tungsten oxide nanowire arrays have been synthesized on quartz substrate using
tungsten filament as precursor and low pressure oxygen as reactant gas[51]. By
increasing the substrate temperature to 1450 oC or higher, tungsten nanowires were
obtained[52].
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Figure 2.3.3: Schematic of a hotwire CVD reactor
Metal organic chemical vapor deposition (MOCVD) is a special case of CVD,
which has been used for the synthesis of multi-element alloy. High vapor pressure based
precursor such as methyl or ethyl of metal is used. The precursors are bubbled to the
reactor. The simultaneous decomposition/reaction of precursors leads to formation of
multi-element alloy such as GaSbxN1-x [53].
2.3.2 Pulsed laser deposition
Pulsed laser deposition is basically a physical vapor deposition where the high
energy laser source is used to bombard the target as shown in Figure 2.3.4. The reactor
setup is quite similar to that for chemical vapor deposition, except there is a laser source.
Target is made of mixture of desired materials and/or catalyst in form of cylindrical
pellets. The laser causes generation of vapor, plasma, or small fragments of the target.
High power laser source can generate plasma which contain highly active species such as
electrons, ions, and neutrals. Vapor phase species of desired materials are transported
along with carrier gas and are deposited on the substrate as nuclei. The reactor chamber is
also equipped with tube furnace. The pressure and temperature are controlled in such a
way that the nuclei grow into desired nanostructure such as 1D nanomaterials.
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Figure 2.3.4: Schematic of reactor for pulsed laser deposition
For example, zinc oxide nanorods have been synthesized using zinc oxide pellets
as targets by pulsed laser deposition[54]. Lieber et al. reported an approach for
synthesizing silicon or germanium nanowires from targets contained silicon or
germanium and Fe (catalyst) using pulsed laser deposition, respectively [55]. The VLS
mechanism involves formation of Si-Fe liquid droplets followed by dissolution of vapor
phase silicon and supersaturation of silicon in liquid droplets. Nanowire precipitates from
supersaturated liquid droplets and continues growing to the end of hot zone.
2.4 Plasma based techniques
Plasma are partially ionized gases. It is a combination of highly active gaseous
species such as electrons, ions, and neutrals. Plasmas can be broadly divided into two
categories: thermal plasmas and non-thermal plasmas. Thermal plasma is a
thermodynamic equilibrium plasma where all of the species have the same temperature
(electron temperature = ion temperature = neutral temperature or Te = Ti = Tn). Thermal
plasma occurs at atmospheric pressure or close to atmospheric pressure[56]. There is
extensive, effective transfer of potential energy to kinetic energy of gaseous particles by
three-body collisions. The potential energy (ionization, dissociation, excitation to
metastables) is transferred to kinetic energy of colliding particles thus heating gas.
Therefore, thermal plasma is often referred as hot plasma. Thermal plasma has
temperature up to 10,000 K and thus provide extremely high energetic environment. Nonthermal plasma is non-equilibrium plasma in which the temperature of all the species are
not the same. The non-thermal plasma occurs at relatively low pressure and thus the
transfer of potential energy to kinetic by three-body collisions is negligible. The heavy
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particles such as ions and neutrals cannot gain energy electric field but the electrons can
be due to their low mass. So the Te is high (about several 10,000 K) and Ti = Tn. Nonthermal plasma can be referred as cold plasma. The temperature of non-thermal plasma
can be as low as room temperature.
Typically, there are three plasma sources including microwave plasma,
inductively coupled plasma and capacitively coupled plasma. The microwave plasma
employs the microwave field of 2.45 GHz while the standard industrial RF frequency of
13.45 MHz are commonly used for inductively and capacitively coupled plasma.
Generally speaking, all of these three plasma sources can generate thermal or nonthermal plasma depending on the pressure and plasma power.

Figure 2.4.1: Schematic of inductive coupled plasma and capacitive coupled plasma
Inductively coupled plasma (ICP): As shown in Figure 2.4.1, ICP setup
comprises of a RF powder supply which is to provide RF power to the coil, and a
conductive coil (typically copper coil) which is cooled by water running inside the coil.
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The copper coil wraps a quartz tube of several turns. Gas is flowing to maintain the
plasma. A vacuum pump is used to control the pressure. The RF voltage applied at the
coil induces an alternating electric field inside the quartz tube according Faraday’s Law.
Capacitively coupled plasma (CCP): As shown in Figure 2.4.1, CCP setup also
consists of a RF power supply and two parallel metal plates. The RF voltage applied
between metal plates generates an alternating electric field between them.
Plasma generation mechanism using ICP and CCP: When the RF generator is
turned on, the background electrons present in the gas phase are accelerated in the
electric field and causes an ionizing collision resulting in creating more electron. As
these electrons are accelerated, causing ionization collisions so multiplication of electrons
occurs. Gas is then introduced into the chamber to maintain the plasma.

Figure 2.4.2: Schematic of atmospheric microwave plasma in Sunkara’s group
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Atmospheric microwave plasma: Figure 2.4.2 shows setup of an atmospheric
microwave plasma in Sunkara’s group. The key component, where microwave plasma is
generated, is a custom-made applicator. The detail description of all components will be
explained in the next chapter. The applicator is tapered at one end where the incoming
microwave will be reflected. When the generator is turned on, the magnetron generates
microwave into the waveguide. Microwaves are transmitted through the waveguide to
applicator. The incoming microwave interferes with reflected microwave at tapered end
of microwave creating an infinite electric field at the center of a quartz tube inserted in
the applicator. The infinite electric field causes dielectric breakdown of argon gas
introduced into the applicator. Air or mixture of oxygen and nitrogen are then introduced
into the applicator to maintain the plasma.
2.4.1 Plasma-enhanced chemical vapor deposition
Plasma-enhanced chemical vapor deposition (PECVD) is similar to CVD except
plasma is incorporated as shown in Figure 2.4.3. Incorporation of plasma into CVD has
introduced a significant amount of highly active species such as electrons, ions, neutrals
into the reactor chamber. These active species help reduce activation energy and thus
improve reaction kinetics. Two major advantages of plasma incorporation are the
reduction of both reaction time and temperature. The PECVD can be 10 times faster than
traditional CVD[57].
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Figure 2.4.3: Schematic of PECVD without using catalyst (a) and with using catalyst (b).
Adapted from Ref. [57]
For example, zin oxide nanorods have been synthesized using PECVD [58]. The
alignment and density of nanorods could be controlled by substrate type, electric field
and catalyst layer. In another study by Sunkara’s group[59], the synthesis of silicon
nanowires took place at a very low temperature of 180 oC for 15-30 minutes using RF
PECVD. Typically, the temperature requirement for silicon nanowire synthesis using
traditional CVD is about 600 oC [21]
2.4.2 Direct plasma synthesis
Direct plasma synthesis is a new method for large scale, fast synthesis of 1D
nanomaterials. The method involves direct exposure of precursor to plasma flame. The
precursor may flight through the plasma flame or expose to plasma flame supported on a
substrate or foil of the same materials as shown in Figure 2.4.4. This method commonly
does not use any catalyst. Transformation of metal particles to metal oxide nanowires
upon plasma exposure involves melting or vaporization followed by plasma interaction
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leading to reshaping into nanowires. The direct plasma synthesis is usually short
residence time method which is in order of second to minutes.

Figure 2.4.4: Schematic of direct plasma synthesis: (c) plasma flight-through and (d)
direct contact plasma synthesis. Adapted from Ref. [57]
Direct plasma synthesis has been extensively used by Sunkara’s group for a
number of metal oxide systems such as zinc oxide, tin oxide, titania, alumina, niobium
oxide, hematite, etc [17, 60, 61].
In their study for zinc oxide, tin oxide, titania, alumina nanowires, the micron size
metal powder of corresponding oxide is pour directly into atmospheric microwave
plasma of 0.5 to 2 kW using mixture of oxygen and nitrogen or air. Variables such as
metal powder size, plasma power, gas composition are used to control the morphology of
nanowires and yield. The resulting nanowires of zinc oxide are about 30-300 nm in
diameter, and 1-10 microns in length. It has been shown that the production capacity of
zinc oxide nanowire powders can be as high as 15-30 gram per batch of 1.5 hours. In
their study of niobium oxide and hematite nanowires, niobium and iron metal foil are
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exposed directly to RF ICP source. The oxygen species such as oxygen radicals and
oxygen ions played an important role in the formation of single crystalline hematite
nanowires.
A DC plasma discharge was also used to prepare zinc oxide at 70 kW plasma
powder and at atmospheric pressure[62]. Nitrogen is used as carrier gas to entrain zinc
metal powder into the plasma jet. They found that the use of high ratio of argon in carrier
gas favor the formation of nanorod and nanowire-like structures. A production rate of 1.2
kg per hour has been reported. However, there was large portion of nanoparticles in the
product.
Peng et al. [63] reported a study on the synthesis of zinc oxide nanorods. A high
RF plasma discharge at 30 kW was used along with argon and nitrogen. Powders of zinc,
zinc oxide, and zinc carbonate were used as starting materials. The starting materials
were vaporized, oxidized and transformed into nanorods upon plasma exposure. The
nanorod formation was influenced significantly by supersaturation of zinc vapor and
oxygen partial pressure. The production capacity of 24 grams/min has obtained using
oxygen flow rate and zinc powder feedstock of 5.0 L/min and 20 grams/min,
respectively.
In summary, plasma synthesis has been shown to reduce the reaction time scale
and to increase the production rate. However, only direct plasma synthesis could produce
up to 10 grams/min while the PECVD could produce much smaller amount of nanowires
(see Figure 2.4.5)
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Figure 2.4.5: Nanowire production rate for zinc oxide nanowires by different plasma
based technique. Adapted from Ref. [57]
2.5. Hydrocarbon flame based techniques
Flame based techniques or aerosol flame syntheses are powerful single-step
synthesis techniques for nanomaterials. The aerosol flame syntheses are continuous and
fast methods for producing nanomaterials in gas phase. The production of several
nanomaterials such as titania, alumina and fumed silica has been commercially
available[19, 64]. In aerosol flame synthesis, vapors or droplets of metal precursors are
combusted in flame and are converted to metal oxides in two mechanisms as shown in
Figure 2.5.1: (1) gas-to-particle and (2) droplet-to-particle. Gas-to-particle route usually
produces small, dense particles while droplet-to-particle results in larger, porous
particles. Aerosol flame synthesis can be divided into three categories based on the
33

precursor used: vapor-fed aerosol flame synthesis (VAFS), flame spray pyrolysis (FSP)
and flame-assisted spray pyrolysis (FASP) [65].

Figure 2.5.1: Two possible mechanisms proposed for particle formation in flame
synthesis. Adapted from ref. [66]
There are typically two types of flame configurations for aerosol flame syntheses:
premixed flame and diffusion flame reactors. The premixed fuel and oxygen is used in
the premixed flame which provides more uniform temperature profiles and less soot
formation by controlling the ratio of fuel to oxygen. The diffusion flame, however, is
safer operation because no flashback issue. The diffusion flames are commonly used for
manufacturing of ceramic powder in the industry. Three common fuels are natural gas,
propane, and acetylene. Natural gas is the cheapest one but gives lowest temperature
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among three. Oxy-acetylene flame is the most expensive but gives highest temperature up
to 3100 oC. The variables are precursor state (liquid or vapor phase), precursor
concentration, precursor feed rate, flame configuration, quenching rate, etc. Aerosol
flame synthesis are primarily used for spherical nanomaterial production. However, 1D
nanomaterials can be produced via aerosol flame synthesis such as zinc oxide nanorods.
2.5.1 Vapor-fed aerosol flame synthesis (VAFS)
VAFS has been widely used for production of ceramic powder such as titania,
fumed silica, and alumina [19]. The VAFS requires a precursor which is easily
evaporated such as chlorides (TiCl4, SiCl4, AlCl3). The precursors are converted to metal
oxide particles via gas-to-particle mechanism as shown in Figure 2.5.1. Typically,
precursors are fed into flame as vapors. Vapors are then oxidized in the flame to form
oxide nuclei. The nucleation followed by coalescence, aggregation and coagulation to
form nanoparticles. Gas-to-particle commonly produces small and dense nanoparticle
agglomerates. A large number of oxides have been synthesized using VAFS such as
titania, silica, alumina, vanadium oxide and tin oxide particles[19]. However, due to
volatile precursor requirement, no study has been shown for the synthesis of zinc or tin
oxide nanowires/nanorods.
2.5.2 Flame-assisted spray pyrolysis (FASP)
When a non-combustible liquid precursor is used in aerosol flame syntheses, it
refers as flame-assisted spray pyrolysis. Nitrate salt solution is commonly used as
precursor. The precursor solution is sprayed as liquid droplets into flame such as
hydrocarbon flame where metal salt is converted to metal oxide via droplet-to-particle
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mechanism as in Figure 2.5.1. Solvent evaporates from liquid droplets creating hollow
structure particles.
FASP is a common method for producing hollow spherical particles or larger
spherical particles than VAFS[67]. In a special study done by Hembram et al. [68], zinc
oxide nanorods were prepared using zinc nitrate as precursor by FASP. The nanorod
formation was believed to differ from liquid-to-particle mechanism. Accordingly,
dissociation of zinc oxide occurs at high temperature forming zinc vapors. Zinc vapors
get re-oxidized to form zinc oxides acting as seeds for nanorod growth by vapor
condensation. The production rate was reported to be 3 kg per hour.
2.5.3 Flame spray pyrolysis (FSP)
FSP is the most common method for nanomaterial production at large scale. The
combustible precursors such as organic based metal precursor are primarily used in FSP.
In FSP, combustible precursor solution evaporates and get combusted in the flame. FSP
usually produces more homogeneous nanoparticles than the previous flame based
methods due to the use of combustible precursor.
There have been extensive studies on spherical nanoparticle synthesis using FSP
by Pratsinis’s group in Switzerland. In most cases, spherical particles were obtained. For
example, zinc oxide (10 g/hr)[69], tin oxide (36 g/hr)[70], silica (9 g/hr)[71], and
zirconia(100-500 g/hr) [72] nanoparticles have been produced by FSP. Zinc acrylate in
methanol, tin (II) 2-ethylhexanoic acid in ethanol, hexamethyldisiloxane in ethanol, and
zirconium 2-ethylhexanoate were used as precursor solution, respectively.
1D nanomaterials such as carbon nanotubes have been synthesized using flame
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[73]. However, controlled synthesis of such as 1D inorganic materials in flame is
difficult. Rod-like particles have been obtained in flames but only at low content, and the
formation of such rod-like particles is not controlled[69]. Height et al.[74] has shown that
the use of dopants in FSP of zinc oxide favors formation of zinc oxide nanorods. Nanorod
formation was due to the higher valency and coordination of tin and indium dopants
relative to zinc. It is worth noting that zinc vapor formation in flame synthesis is an
important factor for the 1D growth in flame synthesis[68]. For example, diethyl zinc
precursor decomposed into zinc vapor in the synthesis of zinc oxide nanorods using FSP.
The zinc vapors were believed to react with water vapor to form either zinc hydroxide or
zinc oxide. The recrystallization of zinc oxide would then be the mechanism for nanorod
formation[75]
2.6 Summary
Gas phase synthesis techniques, including CVD, plasma-based techniques and
flame-based techniques, are shown to potentially produce large quantities of 1D
nanomaterials due to their shorter residence time. The resulting dry product eliminates
the need for post-processing steps, which make them scalable easily. However, CVD or
PECVD requires a substrate, metal catalyst, vacuum processing pressure that make them
unsuitable for scalable manufacturing method. Direct plasma synthesis, on the other
hand, offers a number of factors that make them viable for large scale production such as
continuous process, substrate and catalyst-free, fast time scale (Figure 2.5.2) and
atmospheric pressure.
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Figure 2.5.2: Time scale requires for different synthesis techniques. Direct plasma
synthesis offer shortest time scale compared to all other methods. Adapted from Ref. [57]
Flame-based techniques are obviously viable routes for mass production of
nanomaterials. However, the current state of the art flame-based techniques are still
limited to produce only zinc oxide nanorods using non-common, expensive precursor
such as diethyl zinc or foreign metals as dopants. In such techniques, the
nanowire/nanorod production using flame-based methods is not well understood yet.
Combination of direct plasma and flame based techniques seems to be an ideal method
for bulk production of 1D materials. In this dissertation, a large scale production of metal
oxides using direct plasma, hydrocarbon flame-based or combination of plasma and
hydrocarbon

flame

is

explored.

These

methods

can

potentially

produce

nanowires/nanorods at kilogram to ten kilograms per day using a new design fluidized
bed reactor and cheap starting materials.
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CHAPTER III

EXPERIMENTAL
3.1 Introduction
This chapter describes the detail on reactor design, synthesis and characterization
methods used in this dissertation. The reactor design includes the modification of the
downstream atmospheric microwave plasma reactor and design of a fluidized bed reactor.
The custom-designed reactors include: (1) a downstream atmospheric, microwave plasma
and fluidized bed reactors for direct oxidation of metal powders; (2) upstream
atmospheric microwave plasma reactor for oxidation of metals/metal oxides in presence
of alkali compounds; and (3) a CVD reactor for reactive transport studies. Various
methods were used for characterizing the resulting nanowire powders for their optical,
structural, catalysis, and electrochemical properties.
3.2 The downstream atmospheric microwave plasma reactor
In one of our efforts to scale up the production of nanowire materials, a
downstream atmospheric microwave plasma reactor has been designed[17, 76]. Briefly,
the reactor consists of two main components: (1) the microwave plasma system; (2) the
vertical tubing reactor.
The microwave plasma system includes standard components such as a
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magnetron, a circulator, a dummy load, a power detector, an impedance matching system,
and a custom-design applicator (Figure 3.2.1). All the components are in communication
through a rectangular waveguide WR284. The magnetron generates microwaves of 2.45
GHz into the waveguide. The circulator connected to water cooled dummy load only
allows the propagation in one direction and is used to prevent the reflected microwave
from entering the magnetron. The power detector measures the forward and reflected
powder. The impedance matching system comprises of a circuit of resistors and
capacitors matches the impedance of the source (magnetron) and the load (plasma) for
maximum power transmission and to reduce the reflected power to zero. The applicator is
designed in such a way that the microwave is concentrated at the center of a quartz tube
inserted in applicator. Argon is introduced into the applicator at an angle to form
downward helical flow. The helical flow is used to prevent the heating on quartz tube
causing by plasma flame. A copper rod is used to ignite the plasma and is removed
quickly after ignition of plasma. The plasma flame is maintained by introducing gases
such as air, or mixtures of gases such as argon, oxygen, nitrogen, or hydrogen, etc.
Plasma flame is generated in downward direction inside a vertical quartz tube that
is used as the reactor chamber. A vacuum pump is used to keep the plasma flame in
downward direction. Metal powder such as zinc powder is poured from the top of the
quartz tube at the applicator. Zinc metal powder falls into plasma flame and reacts with
oxygen radicals to form zinc oxide nanowires. The product is collected in a collecting
cup at the bottom of reactor tube. The reactor has been shown to produce 15-20 grams in
15-20 minutes a batch. However, the conversion was low of about 20%. An additional
step of purification by dispersing the product into alcohol solution followed by drying
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step needed to get higher quality nanowire powders. Eventually, the production rate was
about 5 grams per hour. There were several issues associated with the reactor that make it
limited in producing large amount of metal oxide nanowire powder at high conversion
rate. The issues were feeding method, collecting method, heating, and ozone generation.

Figure 3.2.1: Schematic of the downstream atmospheric microwave plasma system
3.2.1 Challenges with the downstream atmospheric microwave plasma reactor
The first issue was the feeding method. Typically, the metal powder was picked
using a scoop and poured into the reactor from the top as shown in Figure 3.2.2. The
metal powder fell down into the plasma zone under the gravity as big clusters. It was also
very difficult to control the feeding rate of metal powder. As a result, the metal particle
dispersion was low and most of the particles were not exposed to the plasma. Since the
metal particles were moving very fast so that there was only reaction at particles on the
surface of the big clusters. The unreacted metal particles inside the big cluster contributed
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to the overall low conversion of metal particles to metal oxide nanowires.
The second issue was the collecting method. As shown in Figure 3.2.2, a
collecting cup was placed at the lower end of quartz tube before the vacuum pump. As
we knew that the density of metal particles is much higher than that of metal oxide. The
metal particles tended to fall down very fast directly to the collecting cup. However, the
lighter density oxide particles tended to be fluidizing and following the gas flow to the
vacuum pump. Consequently, there were lot of big metal clusters and unreacted metal
particles collected in the collecting cup. Observation showed that a lot of metal oxide
particles went to vacuum pump. This was the reason why the vacuum pump got clogged
up at suction chamber.
The other issues included heating, and ozone generation. The heating resulted in
the deposition of metal oxides along the piping which reduced the conversion efficiency
and increased the maintenance time. Also, the use of microwave plasma generated
significant amount of ozone.
In summary, all of the issues are needed to be addressed in order to increase the
conversion efficiency, production rate as well as to meet the safety standard.
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Figure 3.2.2: Schematic of the Downstream Atmospheric Microwave Plasma Reactor
3.2.2 Reactor design modification and results
As described in previous section, the issues should be addressed to increase the
yield and to meet safety standard. In order to solve the problem with feeding, a semiautomatic powder was designed using a metal funnel with a vibrator attached on it. A
metal mesh was used to control the dispersion (Figure 3.2.3). The mesh size could be
changed to adjust the feeding rate. The feeder was working great for at least 5 minutes
before metal powder needed to fill into the top funnel. The feeder also eliminated a need
to stand nearby the reactor all the time to manually pour metal powder into the reactor.
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Figure 3.2.3: Schematic of the semi-automatic powder feeder
A filter housing was also designed and was placed before the vacuum pump as
shown in Figure 3.2.4. A F1 filter unit enclosed in the metal housing was used to collect
metal oxide powder coming from the reactor and to prevent the powder from entering the
vacuum pump. A set of copper cooling coils were wrapped on the piping and filter
housing to minimize the deposition. A hot surface was reported to increase the deposition
rate of metal oxides [77]. A carbon filter was also place at the outlet of the pump to
remove ozone generated by plasma. The air source was also switched to compressed air
which is available for free to increase the nanowire production economic. Figure 3.2.4
showed the overall schematic of the reactor and couple pictures after modification.
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Figure 3.2.4: Schematic of the modified reactor and photos of plasma column, filter,
cooling coil
Metal powder dispersion has been shown to be an issue for conversion and
productivity [78]. The new semi-automatic powder with metal mesh helped increasing
the metal dispersion. Highly dispersed metal particles increased exposure of metal
particles to plasma flame. As a result, significantly less clustered unreacted metal
particles were collected at the bottom of the reactor. The conversion has been increased
up to 90%. The powder collected in the filter housing was 100% zinc oxide (see the XRD
pattern, and color of the powder in the bottle in Figure 3.2.5). No peak attributed to zinc
metal was observed. The SEM images also showed production of good quality nanowires
using the new powder feeder. The image showed similar nanowire morphology to that of
previous work. However, the previous work required an additional step of purification
[17]. The most important thing was that the production capacity has been increased up to
20 grams per batch. The operating time was also increased up to 1.5 hours. We also
observed much less powder deposited on inner wall of piping and filter housing which
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confirmed the effective of copper cooling coil.

Figure 3.2.5: SEM image of ZnO nanowires (top left), TEM of ZnO nanowires (top
right), Bottles of ZnO nanowire powder, XRD pattern of of ZnO nanowire power
collected in filter housing.
3.2.3 Challenges
As mentioned in the previous section, the downstream atmospheric microwave
plasma reactor has been shown to produce up to 20 grams per batch or 50-100 grams a
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day. However, that still did not meet the goal for bulk production. The goal of this work
is to produce up to several kilograms of nanowire powder per day. Typically, there were
two options to increase the production capacity: (1) is to increase the feeding rate of
metal powder; (2) is to increase the operating time. However, persistent problems were
observed with the high feeding rate or long operating time.

Figure 3.2.6: SEM image of powder collected in the Filter at 5 grams per minute; a photo
showing deposition on quartz tube and schematic of the downstream atmospheric
microwave plasma reactor
In order to increase the feeding rate, a powder feeder was used along with argon
as carrier gas. The use of carrier gas made the metal particles move too fast along the
quartz tube. This resulted in lot of unreacted metal particles in the collecting filter as
shown in a SEM image in Figure 3.2.6 or the conversion was very low of about 10-20%.
It turned out that the use of powder feeder with carrier gas has lowered the residence time
from 0.43 seconds to 0.01 seconds due to drag force of carrier gas flow exerted on the
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metal particle. The residence time of 0.01 seconds was too short for the reaction to be
completed. The residence time was calculated using reactor length of 30 inches, total gas
flow rate of 30 LPM as following: (equation 3.2.1: 6-227 Perry’s Handbook)

(3.2.1)
where Ftotal

: total force exerted on the particle, N

Fbuoyancy

: buoyancy force, N

Fdrag

: drag force due to flow, N

dp

: particle size, m

r

: particle density, kg/m3

CD

: drag coefficient

uµ

: fluid velocity, m/s

Moreover, when the operating time was increased, there was persistent deposition
built up on the inner wall of quartz tube. The deposited film became thicker and thicker
overtime. The resulting films started to absorb microwaves with increasing intensity. As a
result, the quartz tube heats up and melts causing the plasma flame to be unstable.
Experiments have shown that the plasma became unstable after about one and a half
hours. A clean up or tube exchange was needed for later operation.
In summary, in order to obtain several kilograms of nanowire, a better reactor
design is needed. The following section will discuss about designing, optimizing, and
operating of our new fluidized bed reactor.
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3.3 Design of a fluidized bed reactor for mass production of metal oxide nanowires
3.3.1 Introduction
Among reactors used in gas phase syntheses, chamber-type reactor usually
requires the evaporation of precursor or the use of a substrate in vacuum condition which
limited in scalability[79]. Tubular reactor in which the precursor flight through, on the
other hand, has been proven to allow continuous processing [71]. However, it is difficult
to control the residence time which contributes directly to low conversion[17]. In catalyst
application, fluidized beds have been employed commercially for many years. The
fluidized beds have been shown to increase heat and mass transfer significantly[80].
The new reactor would involve the use of either an atmospheric microwave
plasma source or hydrocarbon flames for rapid oxidation of metal powder to metal oxide
nanowires[81]. The fluidization would increase the residence of metal particles. Hence,
the choice of heating source would not be limited to plasma source. A hydrocarbon
flame, which is commercially used for nanoparticle production, can also be investigated
[72]
3.3.2 Reactor set-up
The reactor is designed to deliver highly dense microwave jet of 500 W to 3 kW
or high capacity hydrocarbon flame up to 15,000 BTU. The reactor system includes three
main parts: the atmospheric microwave plasma system or hydrocarbon burner, the
fluidized bed reactor body, the collecting system as shown in Figure 3.3.1.

49

Figure 3.3.1: Schematic of fluidized bed reactor system with an atmospheric microwave
plasma system
As shown in Figure 3.3.2, the reactor body is an upward conical 316 stainless
steel column with the narrow end at the bottom. The reactor body is comprised of a top
unit and a bottom unit. The bottom unit welded with a 50 mm Flange is to match with the
50 mm applicator of the plasma system or is used to match with the hydrocarbon burner.
There are four inlets of 10 mm Swagelok tubing for either powder inlet or air dispersion
inlet. The four viewports of 70 mm conflat flanges along the reactor body are used for
viewing or coupling with thermocouples or top-feeding powder feeder. The top unit is
joined to the bottom part by the 10” Flanges. The top unit is equipped with an elbow by a
100 mm Flanges as a connection. The reactor outlet at the elbow of 50 mm OD is
connected with the collecting system at cyclone by a 50 mm OD piping system. The
powder is delivered into the reactor using a powder feeder. The powder feeder is capable
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of delivering up to 15 grams of metal powder per minute. The two powder feeder units
can be used to double feeding rate up to 30 grams metal powder per minute.

Figure 3.3.2: Schematic of fluidized bed reactor body
When plasma flame is employed, the atmospheric plasma system, just like the one
described in the previous section 3.1, is used. The applicator is bolted to the 50 mm
flange at the bottom of the reactor. Thus, the atmospheric microwave is generated into the
reactor chamber. The plasma systems generated plasma flame into the fluidized bed
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reactor from the bottom using a plasma power of 1.5kW, a compressed air of 20 LPM. As
shown in Figure 3.2.3, the upward vertical plasma flame is very stable as expected.
However, the plasma length is about 12 inches which is too short for this fluidized bed
reactor.

Figure 3.3.3: A photo showing plasma flame inside reactor chamber
When the reactor is operated using hydrocarbon, the microwave plasma system is
replaced by a hydrocarbon burner. The hydrocarbon burner is custom-designed to work
with an enclosed reactor chamber at slightly below atmospheric pressure. As shown in
Figure 3.3.4, the burner includes a concentric tube of 20 mm for outer tube and 8 mm for
inner tube in OD and 300 mm in length. The concentric tube is welded into a metal place
which can be bolted to 50 mm flange at the bottom of the reactor body. Oxygen and
hydrocarbon is supplied into concentric tube by two separate inlets.
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Figure 3.3.4: Schematic drawing of hydrocarbon burner
The collecting system consists of a high velocity cyclone, a filter housing and
storage containers. The cyclone is designed to efficiently capture 20 to 99% of the
powder coming from the reactor depending on the density, particle size of the powder
and mass flow rate at the cyclone. There are four filter units at the filter housing. Each
filter unit is equipped with a solenoid valve to efficiently remove powder from filter to
storage container using air-pressure shock. The four filter units are used to make sure that
the reactor could be operating continuously while still allowing collecting powder in
three filter units and removing powder in the other filter unit. The 210 L storage
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containers allow to store up to 50 kg of nanowire powder. A carbon filter is setup at the
outlet of filter housing to capture any powder leaking from filter housing and is used to
remove the ozone generated by plasma flame. The outlet of carbon filter is connected to
the ventilation.
An air compressor is used to supply air for plasma generation, metal dispersion
and to control the efficiency of cyclone. Sets of thermocouples are used to monitor the
temperature in different locations along the reactor system. Water cooling copper coil is
used for reactor wall cooling.
3.3.3 Reactor material, shape and dimensions
One of the major issues with combustion reactor was corrosion due to long term
exposure to oxidative gases at high temperature. Inconel was known as one the best
corrosion resistance materials. However, Inconel was too expensive for industry
applications. Therefore, Stainless Steel 316 was used for our reactor fabrication. The
reactor wall thickness was 3 mm which meets the requirement for the oxidative
environment[82].
The fluidized bed reactor was designed in such a way that there will be
fluidization of particles with increased residence times. The conical shape was to make
sure that there will be velocity gradient along the reactor body when a gas flow is applied
from the bottom. The velocity gradient was created due to a change in the reactor
diameter of conical shape. As seen in Figure 3.3.5, the highest velocity was obtained at
the narrowest cross-section area which is bottom end. As the air moves along the reactor
body toward the top, the velocity decreases.
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Figure 3.3.5: Velocity gradient along the reactor created by conical shape of reactor
The narrow end of 50 mm in diameter was to match with the current available
plasma applicator. The length of reactor was 1 m which is about the same length as the
quartz tube of the downstream plasma reactor described in section 3.2. The top unit was
250 mm in diameter which is the standard flange dimension. The simple model for
contours of velocity magnitude (Figure 3.3.6) shows that the conical shape reactor was an
ideal shape for excellent mixing. As seen in Figure 3.3.6 a, there was minimized dead
area of poor mixing in conical shape reactor. The cylindrical shape reactor (Figure 3.3.6
b), however, introduced huge dead area of poor mixing. The very-wide-top conical shape
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reactor also resulted in very large dead area of poor mixing on the top portion.

Figure 3.3.6: Contours of velocity magnitude of different reactor shapes: a) conical
shape, b) cylindrical shape, and c) very-wide-top conical shape
3.4 Experimental methods
3.4.1 Synthesis of zinc oxide using fluidized bed reactor
Experiments were conducted in the fluidized bed reactor using either atmospheric
microwave plasma flame or hydrocarbon flames. The zinc metal powder of 1-10 microns
in diameter was transferred into the powder feeder. The metal powder was entrained into
the reactor from the bottom using argon as carrier gas. The plasma systems generated
plasma flame into the fluidized bed reactor from the bottom either using a plasma power
of 1.5kW, a compressed air of 20 LPM (Liter per minute) or using a custom-designed
hydrocarbon burner generated hydrocarbon flame into the fluidized bed reactor. The
metal powder was oxidized and converted into metal oxide nanowires under flame inside
the fluidized bed reactor. A cooling air of 50-150 LPM was used to cool down gas plume
coming out of reactor and transport the metal oxide nanowires to the cyclone. In the
cyclone, the large metal oxide and unreacted metal particles were collected into the first
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container under the cyclone. Any fine powder coming out of the cyclone was trapped
inside the filter in the filter housing unit and dropped down into a second container
underneath air pressure-shock. The outlet of filter was connected to a carbon filter and
any remaining particles were captured before being sent out through the exhaust. The
exhaust was equipped with a carbon filter to remove any ozone coming out of reactor.
Several experiments were performed to study the effect of feeding mode, feeding
rate, gas flow rate, gas composition, flame type, hydrocarbon flow rate, and burner
configuration on the conversion of metal powder to metal oxide nanowires, morphology
of nanowires. The experimental conditions used were summarized in Table 3.4.1. The air
or oxygen used was calculated so that the flame is oxygen rich to avoid carbon soot
formation. The resulting powders were characterized using a FEI Nova600 FE-SEM, a
Renishaw Raman Spectroscope and a Bruker D8 Advanced Model X-ray Diffractometer.
The statistic study on nanowire aspect ratio, diameter, and length distribution were
performed by measuring about 100-180 nanowires on a SEM image using imageJ
software.
Table 3.4.1: Summary of the experimental conditions

Flame

Feed rate,
g/min

Fuel flow
rate, LPM

Plasma

3

N/A

Hydrocarbon

3, 12, 24

2, 5, 8

Oxygen flow
rate, LPM

15, 30, 45

Air flow
rate, LPM

Plasma
power, kW

40

1.5

0, 45

N/A

3.4.2 Catalyst preparation and testing for zinc oxide nanowires
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3.4.2.1 Catalyst Preparation
A slurry was made by adding DI water to ZnO NW and γ-Al2O3. Aqueous
solutions of nickel acetate (NiCOOH·2H2O) was made by adding DI water and by
heating and stirring the solution at 90C. The nickel acetate solution was added drop-bydrop to the slurry while the mixture being stirred. The pH was maintained around 9.0 by
adding aqueous solution of NH4OH. Then, the mixture was dried at 80oC for 15 hours in
a furnace and stirred once during drying. Thereafter, the mixture was dried at 150°C for a
few hours and stirred once to obtain a thick paste for extrusion. Thereafter, the paste was
extruded and dried at 150°C for 1 h. Finally, they were calcined at 390°C for 2-2.5 h. A
batch of extrudates used in this work is shown in Figure 3.4.1. The length and diameter of
these extrudates were 4-5 mm and 1-1.5 mm, respectively. These extrudates were then
used for the hydro-desulfurization and aromatic hydrogenation tests. With the addition of
molybdenum acetate, the Ni and Mo supported on ZnO NW catalyst was also prepared
using the same synthesis method.

Figure 3.4.1: Extrudates of nickel acetate-ZnO-γ-Al2O3 and NiO-ZnO-γ-Al2O3
3.4.2.2 Ultra-deep desulfurization
First, the catalyst was reduced at 430°C for 3 h with a H2 flow rate of 0.15 L/min
at atmospheric pressure. The hydro-desulfurization reaction was carried out at 30 bar and
290°C (furnace temperature) with 0.15 L/min H2 flow. The packed bed tube (1 inch
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diameter pipe) is surrounded using a vertical furnace whose temperature is continuously
monitored and controlled. The diesel feed rate was 0.36 mL/min. The corresponding
liquid hourly space velocity (LHSV) was 2.2 h-1 better than the standard industrial
practice for ULSD [83]. A fixed bed reactor (Figure 3.4.2a) was used to carry out the
reduction, aromatic hydrogenation, and hydro-desulfurization tests.
Catalysts were packed in to the reactor column shown schematically in Figure
3.4.2 (b). The extrudates were mixed with SiC to avoid channeling of the fuel and to keep
uniform temperature throughout the bed. SiC to Catalyst weight ratio in each layer
(Figure 3.4.2 (b)) was 3.5. The sulfur species composition and content was varied in our
fuel feeds by spiking sulfur content in to ULSD fuels (from a refinery in Kentucky, USA)
that originally contained about 9 ppm of sulfur. The treated samples were collected every
few hours during the test. In order to gain insight into the origin of catalytic activity and
the composition after desulfurization, both pre-run (fresh) and post-run (spent) catalysts
were characterized using BET, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and X-ray diffraction (XRD).

Total aromatics were

determined using a UV-Vis spectrometer. The morphology of the catalysts was studied
using a field-emission FEI Nova 600 NanoLab scanning electron microscope (SEM),
Bruker Discover D8 powder X-ray diffraction (XRD) system. The identification of the
crystal phases was performed using the Powder Diffraction File (PDF) structural
database.
An Antek 9000 VS Sulfur analyzer was used to measure sulfur concentration in
all the samples. The operation begins with complete high temperature oxidation of the
entire sample matrix. The sample is vaporized and combined with oxygen at a
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temperature of 1250oC to convert chemically bound sulfur to SO2. The SO2 is exposed to
ultraviolet radiation of a specific wavelength and the resulting fluorescent emission is
completely specific for sulfur and is proportional to the amount of sulfur in the original
sample.

(b)

(a)

Figure 3.4.2: (a) Photograph of the fixed bed reactor used for desulfurization
experiments; (b) Schematic of three zone packing design used in our packed column.
3.4.3 Synthesis of metal oxide using upstream plasma reactor via solvo plasma
Metal oxide nanowires are synthesized in an upstream microwave plasma reactor
whose details have been described in detail elsewhere [16]. Briefly, metal/metal oxide
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particles (1÷5 µm size, Atlantic Equipment Engineer, Inc) are mixed with KOH/KCl
powder in a 3:1 ratio by weight and water is added to make the precursor paste. The
precursor paste is then sprinkled on the top of a 25 x 25 mm quartz substrate, which is
then carefully exposed to the plasma flame at power of 1.0-1.4 kW, 8 lpm of Air flow for
10 seconds to 5 min. The as-synthesized materials are dispersed in 0.1 M HCl solution
for 1 h to facilitate ion exchange, washed with deionized water, and annealed by exposure
to plasma flame for 1 to 5 min.
3.4.4 Detail of computational fluid mechanics simulations
3.4.4.1 Meshing
The actual simplified 3D reactor geometry was used. Figure 3.4.3 shows the
meshing setup and the reactor geometry after the mesh generation. The top and bottom
surface were defined as outlet and inlet. All the other surfaces were defined as wall.
Select “Fine” for relevance center, and “High” for smoothing. The meshing was
controlled to have minimum sizes of 0.002 m, maximum face sizes of 0.0025 m and
maximum sizes of 0.0030 m. The mesh consists of 426,998 mixed cells. No mesh
sensitivity analysis was performed; therefore, results are just an approximation.

61

Figure 3.4.3: Meshing size and the reactor geometry after the mesh generation
3.4.4.2 Simulation setup
In the general menu, select “Transient” and put “-9.81” in Y-component of
gravitational acceleration. Select “Pressure based” and “Absolute” for Type and Velocity
formulation, respectively.
In model menu, select “Eulerian” as Multiphase Model. Number of Eulerian
Phases was set at 1. Number of Discrete Phases was set at 1. Select “Reynolds Stress” as
Viscous Model. The model constants are 0.09 for cmu, 1.44 for C1-epsilon, 1.92 for C2epsilon, 1.8 for C1-PS, 0.6 for C2-PS, 0.5 for C1’-PS, 0.3 for C2’-PS, 1 for TKE Prandtl
number, 1.3 for TDR Prandtl number, and 0.75 for Dispesion Prandtl number. Select
“Update DPM sources every flow iteration”, “Unsteady Particle Tracking” and “Track
with fluid flow time step” in Discrete Phase model. Input 50,000 for Max number of
steps. Click “Injections” tab to setup injection. Select “surface” for Injection type, “inlet”
for Release from surface. Input “1” for velocity magnitude, “5x10-8” for min diameter,
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“5x10-5” for max diameter, “5x10-6” for mean diameter, and “3” for number of diameters.
In materials menu, select “Air” for fluid. 1.225 and 1.7894e-05 were density and
viscosity of air, respectively. Input “7140” for inert particle density which represents the
density of zinc metal.
In boundary conditions menu, select “velocity-inlet” for type for inlet’s boundary
condition. Turbulent intensity and turbulent viscosity were 5% and 10%, respectively.
Select “outflow” for outlet’s boundary condition. Flow rate weighting for outflow was 1.
Phase coupled simple was selected under Scheme for solution method.
Solution control were default values as 0.3 for pressure, 1 for density, 1 for body
forces, 0.7 for momentum, 0.5 for volume fraction, 0.2 for granular temperature, 0.8 for
turbulent kinetic energy, 0.8 for turbulent dissipation rate, 1 for turbulent viscousity, 0.5
for Reynolds stresses, and 0.5 for discrete phase sources.
Hybrid initialization was used for solution initialization.
In the run calculation menu, input “0.01” for time step size, “2000” for number of
time steps, and “10” for max iterations/Time step reporting interval.
The steady state model was used for flow pattern. The same meshing was used.
The inlet’s boundary condition was set at different velocity magnitudes of 1, 10 and 40
m/s. Select “Magnitude, normal to boundary” for velocity specification method. Select
“SIMPLE” for solution methods. Input “500” for Run calculation.
No parameters were monitored for convergence; therefore, the numeric values of
the results are not fully reliable. However, the model can be used for predicting the
general trend such as residence time and flow patterns.
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3.5 Fabrication of lithium ion battery coin cells
3.5.1 Electrode preparation
The electrode materials were prepared using 70 wt% active materials with 20 wt%
AB (acetylene black) and 10 % PVDF binder in NMP. The well-mixed slurry was casted
onto a copper foil using a doctor blade. The electrode is dried at 180oC for 4 h under
vacuum and then transferred to an argon filled glove box. The typical loading of active
materials is 0.2 to 0.5 mg/cm2.
The tin oxide nanowires were deposited directly on a stainless steel spacing
substrate which acts as electrode used for protective coating in chapter 6.
3.5.2 Coin cell assembly
A CR2013 coin-type cell assembled in a dry argon-filled glove box. As shown in
Figure 3.5.1, a half-cell assembly includes coin cell casings, spacer, electrode, spring,
precut separators, and precut lithium metal disc as cathode. A spacer is placed into the
anode coin cell casing. The electrode prepared in 3.5.1 is placed on top of placer. Two
precut porous propylene films (ADVANTEC GB-100R) are placed on top of the
electrode as separators. A couple of drops of electrolyte, enough to soak the separator are
placed on the separator. A 1M solution of LiPF6 dissolved in an ethylene carbonate (EC)
and dimethyl carbonate mixture (DMC) (Volume ratio of EC: DMC=1:2) is used as the
electrolyte. A precut lithium metal disc is placed on top of the separator. Another spacer
is placed on top of the lithium metal disc. The spring and the cathode casing are stacked
on top of the spacer. The whole assembly is placed under a crimping machine and the
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coin cell is crimped to seal battery core in the case. The electrochemical measurements
are performed using a battery tester (16 Channel Arbin Instruments, USA).

Figure 3.5.1: Schematic of lithium ion coin cell assembly

3.6 Atomic layer deposition (ALD)
Atomic layer deposition is a chemical vapor deposition method. However, the
reaction is divided into two half-reactions. Each half-reaction is self-limiting and surface
only. During each half-reaction, a precursor is pulsed to reactor chamber for a fixed
amount of time to allow the precursor to fully react at the substrate and form a
monolayer. The reactor chamber is purged before the next pulse of the reactant gas is
introduced in order to remove unreacted species and reaction by-products.
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A commercially available ALD reactor from Cambridge instruments (Savannah
200) was used for the deposition of thin alumina and titania films on tin oxide nanowires
as in Figure 3.6.1. The reactor assembly comprises of a stainless steel chamber with a
heater to heat the substrate. Pulses of precursors are delivered to the reactor chamber by
solenoid valves using nitrogen as carrier gas. Aluminum trimethyl and titanium tetraisopropoxide along with water were used as precursors for the deposition of alumina and
titania, respectively. Nitrogen flow rate of 20 sccm is typically used. Pressure in the
chamber is monitored by a Pirani gauge. The by-products are exhausted into fume hood
using a rotary vane pump. A film thickness of 0.1 nm can be obtained in one cycle. Thus,
the number of cycle can be used for anticipating the film thickness.
3.7 Materials characterization: Electron Microscopy and Diffraction Techniques
The morphology of the precursors and synthesized nanowires has been
characterized using scanning electron microscope (SEM) (FEI Nova 600) and
transmission electron microscope (TEM) (Tecnai F20 FEI TEM operating at 200 kV).
The composition of synthesized samples was studied using Energy Dispersive
Spectroscopy (EDS) and X-rays Diffraction (XRD) (Bruker D8 Discovery with Cu Kα
radiation). TEM and XRD have also been performed on the samples to examine the phase
and crystallinity.
3.8 Summary
The limitation on the scalability of nanowire production using the downstream
atmospheric microwave reactor has been investigated. The reactor design modification
has been performed to increase the yield and nanowire quality. An upward conical
fluidized bed employing atmospheric microwave and hydrocarbon flames is designed and
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operated for large scale production of metal oxide nanowires. The fluidization in a
fluidized bed reactor has been shown to increase the residence time and thus it helps to
increase the reaction conversion. The resulting materials are characterized using SEM,
EDS, TEM, and XRD.
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CHAPTER IV

MASS PRODUCTION STUDIES OF ZINC OXIDE NANOWIRES
USING A FLUIDIZED BED REACTOR
4.1 Introduction
Nanowires have shown an improvement in performance at order of magnitude in
a variety of applications such as catalyst supports [5, 6], absorbents [7], batteries [6],
solar cells [8], capacitors, sensors [9], and polymer composites [10]. However, all of
them are tested at lab scale using very small quantities. None of them have been
demonstrated in large scale like prototyping or industrial scale yet due to lack of methods
for producing bulk quantities of nanowire based materials. Thus, large scale production
with controlled properties such as crystallinity, composition and morphology is crucial
for the on-going development of nanowire based methods.
In this chapter, a new fluidized bed reactor capable of producing up to 10
kilograms per day of metal oxide nanowires is described. The investigation includes the
effect of operating parameters on nanowire properties such as composition, crystallinity,
morphology and overall yield of the process.
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4.2 Fluidization and modeling
4.2.1 Fluidization in a fluidized bed reactor
In gas-solid system, the particle sizes have strong effects on the dynamics
behavior of gas-solid flow. Particles used in gas-solid flows are typical non-spherical or
irregular shape. Sauter’s particle diameter or surface volume diameter, is defined as the
diameter of a sphere having the same ratio of external surface to volume as the particles,
is one of the best estimation in field of reaction engineering especially in fluidizing bed
systems [84].

(4.2.1)
where V: volume of particle, m3
A: surface area of particle, m2
dp: diameter of particle, m
In the fluidized bed system, there is a drag force exerted on the particles by the
flowing gas. When the gas velocity is increased to a certain value, the drag on the
particles will be equal the gravitational force exerted on particles, and the particles will
begin to lift and fluidize. The velocity of gas at this point is called minimum fluidization
velocity of particles (umf). As the gas velocity increased further, the particles started being
carried out of the reactor. At this point, the velocity of gas flow is terminal settling
velocity (ut) [85]. The terminal settling velocity and minimum fluidization velocity are
calculated in the following equations
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(6-229 Perry’s Handbook) (4.2.2)

(4.2.3)
where ut: terminal settling velocity, m/s
umf: minimum fluidization velocity, m/s
dp: particle diameter, m
rp: particle density, kg/m3
r: fluid density, kg/m3
CD: drag coefficient
µ: viscosity of fluid, cp
emf: void fraction
Table 4.2.1 shows the effect of particle size of both feeding and final product on
the terminal settling velocity and minimum fluidization velocity. The larger particle size
requires higher terminal velocity to keep them fluidizing in the reactor for feeding
materials or to carry them out of the reactor for final product materials. As a result, large
particles will experience a longer residence time than those of smaller particles.
Table 4.2.1: Effect of particle size on terminal settling velocity
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4.2.2 Modeling
Modeling the fluid flow in the fluidized bed reactor was performed to understand
the effect of fluid flows on flow pattern, and to understand the fluidization of particles.
Commercially available ANSYS FLUENT 16.1 software was used for the modeling.
Figure 4.2.1 shows contours of velocity magnitude at different inlet velocity. At
high inlet velocity of 40 m/s, there was a velocity gradient along the reactor height due to
inherent conical shape of reactor. The maximum velocity was obtained at the 2” inlet.
The minimum velocity was achieved at the widest portion of the reactor. The velocity
gradient decreased with decreasing inlet velocity. As a variety of particle size (1-10
microns) is being used in our process, a velocity gradient along the reactor must be
presented to meet the requirements of terminal settling velocity for the fluidization.
Therefore, a conical shape of reactor seems to be an ideal case for the fluidization.
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Figure 4.2.1: Contours of velocity magnitude at different flow inlet velocities of a) 1 ms1

, a) 10 ms-1, and a) 40 ms-1
As a closed look at the streamlines in Figure 4.2.2, the flow velocity was

decreasing from inlet to the top outlet. At any cross section, the highest flow velocity was
obtained at the center line of the reactor. The velocity was low as approaching the reactor
wall due to friction. There are also stagnation areas at the widest portion of the reactor
where the flow is highly turbulent.
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Figure 4.2.2: Streamlines: Colored by velocity magnitudes
A simple particle tracking model in transient mode was also developed to study
the fluidization in our fluidized bed reactor. As shown in Figure 4.2.3, 2986 particles of
two different sizes of 12.5 microns (red particles) and 50 nm (blue particles) have been
injected at the inlet of the fluidized bed reactor. The difference in moving speed could be
seen clearly at 0.5 seconds. The larger red particles tended to move slower than the
smaller blue particles due to gradient velocity as discussed in previous paragraph. As
time proceeded, the small blue particles also tended to occupy mostly at the top portion of
the reactor while the large red particles remained mostly at the bottom portion. As in
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second cycle, the red particles fell down closer to the inlet while the blue particles fell
down only to a certain height above the inlet before got blown up by a high velocity flow
closer to the inlet (see at 10 seconds). The particles kept being blown up and fell down
unless they exited at the outlet. Eventually, 1704 particles left after 20 seconds. The
model shows a residence time of 20 seconds. The “20 seconds” was not an exact number.
In order to obtain an exact number, parameters must be monitored for convergence
However, it shows that the fluidization of particles could increase the residence time due
to an increase in distance that the particles traveled inside the reactor.

Figure 4.2.3: Particle tracking: Colored by particle size
In reality, our starting materials are zinc particles of about 1-5 microns. During
the reaction, the heavy zinc metal particles are converted to zinc oxide nanowires that
have lighter density than zinc metal particles. The zinc oxide nanowire products have the
equivalent particle diameters of 200 – 1000 nm. As shown in Table 4.2.1 calculations of
minimum fluidization and terminal settling velocity for different particle sizes, a
minimum inlet velocity of 16.67 x 10-3 m/s is required for the fluidization of both starting
materials and products. The minimum fluidization velocity depends mainly on particle
density and particle size (equation 4.2.3). The required minimum fluidization velocity
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increases with increasing particle density and particle size.
Once the flow velocity was equal to or higher than minimum fluidization velocity,
the fluidization occurred. Then the flow velocity can be used to control the fluidization.
As seen in the equation 4.2.2, the terminal settling velocity depends mainly on particle
size, particle density and drag coefficient. The terminal settling velocity also increases
with increasing particle density and particle size. In order to transfer particle out of the
reactor at the outlet, the velocity at the outlet must be higher than the terminal settling
velocity of the particle. In order to keep particle fluidizing in the reactor for longer time,
the flow velocity at the outlet must be smaller than the terminal settling velocity of the
particle. Therefore, the extent of fluidization can be varied using flow rate, particle
diameter, and particle density parameters. In this particular study of zinc particles and
zinc oxide nanowires, the estimated flow velocity at outlet of reactor must be greater than
0.34 m/s and smaller than 0.39 m/s (see Table 4.2.1). These flow velocity parameters are
used to make sure that the product can be easily transferred out at the outlet but the zinc
metal are still remaining in the reactor for the reaction.
In any fluidization system, it is important to know the maximum solid load. The
maximum solid loading can be calculated using the following equation:

(4.2.4)
where
r: density of the solid, kg/m3
Vf: fluidization velocity, m/s
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A: cross-section area of reactor, m2
fv: void fraction
4.3 Production of zinc oxide nanowires using atmospheric microwave plasma
Figure 4.3.1 shows the SEM image of zinc oxide nanowires collected under
cyclone and filter. The powder collected under the cyclone contained a lot of unreacted
zinc metal powder. The nanowires are about 20-80 nm in diameter and 400 nm to 1
micron in length. The statistical measurement in Figure 4.3.2 shows that nanowires had
an aspect ratio of 5 to 20. The yield of about 30% was calculated by comparing the
powder collected under the cyclone and filter housing.

Figure 4.3.1: SEM image of zinc oxide nanowires collected under the filter a) and under
cyclone b) (Plasma power: 1.5 kW. Air: 20 LPM+1 CFM+5CFM)
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Figure 4.3.2: Aspect ratio, diameter and length distributions of zinc oxide produced using
plasma
4.4 Production of zinc oxide nanowires using hydrocarbon flame
Figure 4.4.1 shows SEM images of zinc metal particles as starting materials and
resulting zinc oxide nanowires. The zinc oxide appeared to be short nanowires of about 1
micron in length and 50 – 200 nm in diameter. The TEM images shows that the resulting
zinc oxide are single crystalline as shown in Figure 4.4.1 c and d. Figure 4.4.2 also
confirms that the resulting powder is pure phase zinc oxide nanowires. All of the peaks
are assigned to wurtzite hexagonal zinc oxide[86]. The BET surface area was 7.37 m2/g.
The EDS analysis on the sample collected under the filter shows that there is no carbon
contamination which is a common drawback in hydrocarbon based synthesis technique.
In order to control the nanowire properties, the following discussion describes the effect
of operating parameters on nanowire morphology and yield.

77

Figure 4.4.1: SEM image of zinc metal particles as starting materials a), SEM image of
typical resulting zinc oxide nanowires b); TEM image of typical resulting zinc oxide
nanowires c); HR-TEM image of typical resulting zinc oxide nanowires d)
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Figure 4.4.2: XRD pattern of resulting zinc oxide nanowire powder
4.4.1 Effect gas flow rates
In a gas-solid system, the gas flow rate has a significant effect on the fluidization.
High oxygen flow rate results in short residence time and low flame temperature.
However, high hydrocarbon flow rate provides longer flame and relative long residence
time.
Figure 4.4.3 shows SEM images of zinc oxide nanowires produced using different
oxygen flow rates. The nanowire diameter increased from 80 to 130 nm as the oxygen
flow increased from 15 to 45 LPM. However, the aspect ratio was decreased from 9.10 to
4.53 as the oxygen flow increased from 15 to 45 LPM (see Figure 4.4.4). The same
observation on decreasing aspect ratio was reported previously for zinc oxide nanorods
[63, 68]. Lot of unreacted zinc metal particles was also seen at low oxygen flow rate of
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15 LPM. 15 LPM of oxygen provides insufficient amount of oxygen for complete
reaction of zinc metal to zinc oxide.

Figure 4.4.3: SEM images of zinc oxide nanowires produced using different oxygen flow
rates: a) 15 LPM, b) 30 LPM, and c) 45 LPM
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Figure 4.4.4: Effect of oxygen flow rate on nanowire morphology: first row - 15 LPM,
second row - 30 LPM, and third row - 45 LPM
Figure 4.4.5 shows SEM images of zinc oxide nanowires produced using different
propane flow rates. There was no big difference in the aspect ratio of nanowires produced
using different propane flow rate. However, the nanowire diameter and length were
increased with increasing propane flow rate. At 10 LPM of propane, the longest wires of
788 nm were obtained while the thinnest wires were obtained using 2 LPM of propane as
shown in Figure 4.4.6. In addition, unreacted metal particles were observed at 2 LPM of
propane. The low propane flow rate provides low flame volume and thus metal particles
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got unreacted.

Figure 4.4.5: SEM images of zinc oxide nanowires produced using different propane flow
rates: a) 2 LPM, b) 5 LPM, and c) 10 LPM
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Figure 4.4.6: Effect of propane flow rate on nanowire morphology: first row of 2 LPM,
second row of 5 LPM gram/min, and third row of 10 LPM
4.4.2 Effect of hydrocarbon flame
It is important to investigate the effect of hydrocarbon source on the nanowire
morphology because the different hydrocarbons have different carbon contents. The
standard heat of combustion of propane (C3H8 – 2220 kJ/mol) is nearly 150% and 71%
higher than that of methane (CH4 – 889 kJ/mol) and acetylene (C2H2 – 1300 kJ/mol) [87].
As expected, the resulting flame temperature were different. C3H8 has highest heat of
combustion giving highest flame temperature while methane (CH4) gives lowest flame
temperature due to lowest heat of combustion. It is worth noting that the temperature of
flame depends on the ratio of hydrocarbon and oxygen. In order to get the most accurate
result, experiments were conducted at the ratio of oxygen to hydrocarbon as twice as
stoichiometry of combustion reaction (Table 4.4.1).
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Table 4.4.1: Experiment condition for the study of effect of hydrocarbon

No

Combustion reaction

Hydrocarbon

Oxygen flow

flow rate (LPM)

rate (LPM)

Stoichiometry

1

CH4 + 2O2 ® CO2 + 2H2O

1:2

5

20

2

C3H8 + 5O2 ® 3CO2 + 4H2O

1:5

5

50

3

C2H2 + 2.5O2 ® 2CO2 + H2O

1 : 2.5

5

25

Figure 4.4.7 shows SEM images of zinc oxide nanowires produced using different
hydrocarbons. The statistic measurements are shown in Figure 4.4.8 and 4.4.9. The
nanowire diameter produced using CH4 and C2H2 is significant smaller (47 nm and 59)
than that of and C3H8. The nanowire produced using CH4 was shorter length of 396 nm
than that of C3H8 and C2H2. The nanowire aspect ratio decreased in the order CH4 (8.43)
to C2H2 (8.34) to C3H8 (3.78). The C3H8 probably creates too high temperature flame that
vaporize the zinc metal into vapor phase. Zinc as vapor got oxidized and condensed as
particles. The high temperature flame was reported to promote the nanoparticle growth
by sintering and coagulation [68]. Therefore, nanowires produced using C3H8 showed a
low aspect ratio and short wire.
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Figure 4.4.7: SEM images of zinc oxide nanowires produced using different
hydrocarbons: a) methane, b) propane, and c) acetylene
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Figure 4.4.8: Effect of hydrocarbon type on nanowire morphology: first row of methane,
second row of propane, and third row of acetylene
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Figure 4.4.9: Effect of hydrocarbon type or heat of combustion on nanowire length and
diameter
4.4.3 Effect of feeding rate
The feeding rate also was investigated for nanowire morphology control. Figure
4.4.10 shows SEM images of zinc oxide nanowires produced using different feeding rates
There was no significant effect of feeding rate on aspect ratio and length. However, the
nanowire diameter increased from 118 to 158 nm with increasing feeding rate from 3 to
24 grams/min as shown in Figure 4.4.11. Increasing the feeding rate has no significant
effect on flame temperature and flame length, but influence on the supersaturation of zinc
oxide on the surface of molten zinc particles, thereby controlling the diameter of
nanowires. A similar increase in diameter with increasing of feeding rate has been shown
for zirconia synthesis using spray flame pyrolysis[72]. Observation of unreacted zinc
metal was seen at 24 grams/min.
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Figure 4.4.10: SEM images of zinc oxide nanowires produced using different feeding
rates: a) 3 grams/min, b) 12 grams/min, and c) 24 grams/min
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Figure 4.4.11: Effect of feeding rate on nanowire morphology: first row of 3 grams/min,
second row of 12 grams/min, and third row of 24 grams/min
4.4.4 Effect of flame volume or burner configuration
Figure 4.4.12 shows a schematic of the custom-designed hydrocarbon burner for
our fluidized bed reactor. The burner can work in a closed chamber at pressure of less
than atmospheric pressure. The flame length can be controlled by varying the diameter of
hydrocarbon tube and flow rate of hydrocarbon. The flame was about 13 using 0.06 in
tube ID and hydrocarbon flow rate of 5 LPM (see Configuration A). The flame length
increased to about 25 in using 0.17 tube ID and hydrocarbon flow rate of 10 LPM. The
burner mouth was raised up to 9 in from the bottom of the fluidized bed reactor (see
Configuration B and C)

89

Figure 4.4.12: Schematic of burner configuration and corresponding flame length
Figure 4.4.13 shows the effect of hydrocarbon flame length burner configuration
on the production rate and conversion. The conversion increased from about 30% to
about 50% using the same flame length of 330 mm. However, the burner has been raised
up 23 mm so that there was much more effective flame volume for the reaction of zinc
metal particles in flame. The conversion increased further up to about 90% using flame
length of 650 mm. Similarly, the production rate also increased with increasing flame
length as shown in Figure 4.4.13. A highest production rate of 1.2 kg/hr was obtained.
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Increasing flame volume would increase the number of metal particles involved in the
reaction and therefore increasing the production rate. This is in agreement with two
recent studies on nanoparticle production using different burner sizes [88, 89]. As shown
in Figure 4.4.14, a large quantity of nanowire powder of 30 kg was produced using
fluidized bed reactor.
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Figure 4.4.14: A photo of 30 kg of zinc nanowire powder produced using fluidized bed
reactor
4.5 Proof of fluidization
It is important to demonstrate that the metal particles are being fluidizing inside
the reactor chamber. To prove this, an experiment was performed where a small metal
mesh is placed at the middle portion of the reactor through the second view port as shown
in Figure 4.5.1. The reactor is operated using 5 LPM propane, 40 LPM oxygen, and 45
LPM air for dispersion. An argon flow of 8 LPM was used to deliver 5 grams of zinc
metal powder per minute. The resulting powder sample was collected from both up and
down side.
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Figure 4.5.1: Schematic of the fluidized bed reactor with the metal mesh at the middle
portion. The corresponding SEM images of zinc oxide powder collected on upside and
downside of the metal mesh
A shown in Figure 4.5.1, the SEM images reveal that the sample collected on
upside had a lot of unreacted zinc metal particles along with zinc oxide nanowires. The
unreacted zinc particles were about 1-5 microns in diameter which is the same as the
feeding zinc metal particles. Whereas, the sample collected on down side had only few
unreacted metal particles of 1-2 microns in diameter. Moreover, the sample collected on
upside was gray color which is slightly brighter than the color of zinc metal powder. The
powder collected on down side was white color which is quite similar to the color of zinc
oxide powder. This showed that the lighter zinc oxides tended to be blown upward and
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exit at the outlet of the reactor. While they were being blown upward, they hit the metal
mesh and got stuck on the down side of the mesh. The heavier, larger zinc metal particles
were also being blown up from the bottom. They were traveling upward along the
reactor. However, due to the gravitational force outweighed the drag force due to the gas
flow, the zinc metal particles tended to fall downward. While they were falling down,
they settled on the upside of the metal mesh. The reason why there were few small zinc
metal particles on the downside of the mesh is that the drag force exerted on them was
still higher than the gravitation force exerted on them at the lower portion of the reactor.
4.6 Zinc oxide as catalyst support for hydro-desulfurization of diesel
4.6.1 Introduction
Reduction of sulfur in diesel fuel is important for environment as well as for the
performance of catalytic converter in an automotive. Sulfur compounds in the fuels
contribute to emissions of SO2 and sulfate particulate matter. Sulfur in transportation
fuels degrades the catalytic converter resulting in increased NOx and SOx emissions
which increase the potential for causing acid rain. Sulfur must be removed in any
catalytic process because it poisons/deactivates the catalyst [90], which otherwise require
frequent regeneration or replacement. Likewise, the performance of other catalytic
devices such as fuel cells is also extremely sensitive to the presence of sulfur [91]. The
sulfur irreversibly poisons noble metal catalysts present in the converter of an engine.
As of September 2007, all on-highway diesel fuel (ultra-low-sulfur diesel
(ULSD)) sold at gas stations in the United States contains less than 15 ppm of sulfur. The
demand for ULSD has increased significantly in the last few years [83] because of
continual reduction in sulfur limits in transportation fuels. As far as the gasoline is
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concerned, the Environmental Protection Agency (EPA) proposed a new regulation
recently that would reduce its current sulfur content from 30 ppm to 10 ppm by 2017 [92]
and much stricter limits are anticipated in future. Therefore, refiners in the United States
and Europe have installed numerous new middle distillate hydrotreaters or revamped
existing facilities. Governments in developing countries such as India, Mexico, and
China are also imposing low sulfur regulations which has increased the demand for ultradeep desulfurization catalysts around the world [93].
Diesels and gasoline fuels contain a variety of heterocyclic sulfur compounds at
few tens of ppm level which are difficult to remove using traditional hydro-sulfurization
catalyst used today. For example, many catalysts undergo steric hindrance effects during
adsorption with species such as 4-substituted and 4,6-disubstituted dibenzothiophenes.
The refractory nature of b-DBTs comes from the steric hindrance around the sulfur atom
[83, 94]. The removal of these latter compounds presents a significant challenge to the
industry [95-98].

The conventional hydro-desulfurization (HDS) process utilizes

alumina- and silica-supported cobalt or nickel molybdenum catalyst and operate at 350390°C, and pressures between 60 and 90 bars [93]. Currently, for ultra-low sulfur diesel
(ULSD) production, hydrotreating catalysts include Nickel-Molybdenum-Sulfur (Ni-MoS) or Cobalt-Molybdenum-Sulfur (Co-Mo-S) supported on γ-alumina (Al2O3) [83].
However, the above catalysts suffer from low activity for heterocyclic compounds
present below 50 ppm and require higher temperature and pressure and/or low space
velocities to bring sulfur down below 15 ppm [99, 100]. At higher temperatures, there are
some inherent issues that reduce the catalyst activity, and they include carbon deposition
on catalyst surface and change of catalyst surface itself (re-organization of surface) [100,
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101] Hence, there is a crucial need to design high activity catalysts for ultra-deep
desulfurization at moderate process conditions.
Here, we show the feasibility of using nickel nanoparticles supported on the zinc
oxide nanowire surfaces as catalysts. Nickel can catalyze the hydrogenation reaction as
well as the cleaving of cyclic sulfur compounds like thiophenes. The use of ZnO follows
that of reactive adsorption concept in which sulfur from Ni clusters transfer to ZnO
nanowire support [102-106]. Tawara’s group [103] was the first to report the
performance of a Ni/ZnO catalyst as an adsorptive HDS catalyst for the kerosene toward
kerosene-fed fuel cell applications.
Active nickel sites could be maintained until the ZnO nanowire supports get
sulfide fully. ConocoPhillips developed a sulfur removal technology for gasoline, based
on reactive adsorption that uses metal supported on ZnO.
The use of nanowire support has multi-fold advantages for catalyst design. Some
of them are highlighted here: 1) the single crystal nature and faceting improves the
properties of the supported catalytically-active metals through the resulting nickel cluster
morphology; 2) ability to produce well-defined surface facets therefore higher
concentration of desired sites[12]; 2) potentially enhance metal-support interactions; 3)
nanowire support undergo less sintering than conventional supports [107, 108]; and 4)
nanoparticle on nanowire morphology presents an easier diffusion pathway for sulfur
transfer from supported clusters to underlying support to maintain a high surface
concentration of active nickel sites for deep desulfurization activity.
Even though, the nanowire supports are predicted to have the above-mentioned
advantages, there are no studies for both deep HDS and aromatic hydrogenation using
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catalysts made from nanowire powders. Here, we report the ultra-deep HDS activity of
nickel-rich metal cluster supported on ZnO NWs (Figure 4.6.1). The activity is tested
using a variety of fuels and most importantly with diesel that contains most-refractive
sulfur compounds such as 4,6-Dimethyldibenzothiophene (DMDBT). The nature of
active catalyst clusters, uniformity of morphology, morphological stability, and activity
of fresh and regenerated catalysts, are of fundamental interest.

Figure 4.6.1: A schematic showing uniform morphologies for nanoclusters produced on
mono-crystalline facets of c-plane oriented ZnO nanowire.
4.6.2 Results and discussion
4.6.2.1 Textural Properties of Catalysts
Table 4.6.2 summarizes the surface area and NiO particle sizes for some of the
catalyst samples used in the desulfurization tests. In the catalyst samples A-F, the amount
of Ni was varied from 12 to 30 wt%. The BET surface areas were as high as 92.7 m2/g
for 12% Ni catalyst and as low as 8.5 m2/g for catalyst 17% Ni catalyst without γ-Al2O3.
This indicates that γ-Al2O3 helps in increasing the surface of the catalyst because of its
higher surface area than nanowires. The metal/oxide can also nucleate on γ-Al2O3. The
alumina also helps in binding the constituents of the catalyst by imparting mechanical
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strength to it [83]. The catalyst extrudates without γ-Al2O3 became powder after hydrodesulfurization reaction whereas with γ-Al2O3 the extrudates retained its shape and size.
Table 4.6.2: Catalysts- composition, BET surface area and crystallite size
Catalysts

Ni

ZnO

γ-Al2O3

(wt%)

(wt%)

(wt%)

A

17

83

--

B

--

41.6

C

12

D

BET (m2/g) Crystallite
Size-NiO (nm)
8.5

25.1

58.4

123.0

--

58.7

11.3

92.7

16.0

15

58.7

26.3

78.7

10.2

E

21

58.7

20.3

76.9

11.0

F

30

58.7

11.3

46.2

18.9

58.7

26.3

59.8

22.0

Mo
(wt%)
G

12

3

In general, the crystallite size decreases after addition of γ-Al2O3 as shown in
Table 4.6.2. The catalyst without γ-Al2O3 has NiO crystallite size of about 25 nm whereas
with γ-Al2O3, the size range for NiO crystallites is from 11 to 16 nm. However, addition
of Mo increases the crystallite size to 22 nm (Sample G). This is only a preliminary
observation and cannot be concluded as a phenomenon. Optimization of active nickel
loading is crucial. High content of Ni and low amount of ZnO will provide higher activity
initially but will degrade quickly due to low amount of interfacial area between Ni and
ZnO. Therefore, in order to obtain long life and high activity, a balance between the
compositions of Ni and ZnO is required [103].
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4.6.2.2 Ultra-deep Desulfurization Activity Testing of Catalysts
The ultra-deep desulfurization activity of the catalyst samples from Table 4.6.2
was tested using the packed bed reactor using a temperature of 290oC, Pressure of 30 bar,
and liquid hourly space velocity (LHSV) values ranging from 1-2.2 h-1. In all cases, the
data shows 99% removal of sulfur from feed streams at the moderate process conditions
indicating high activity of our nickel supported on ZnO nanowires. Tests were stopped
after pre-set times ranging from 100 - 150 hours. In Figure 4.6.2, using our nickel
supported on ZnO nanowire catalysts, with a diesel feed (DF2) containing 196 ppm of
total sulfur, the sulfur content in the treated diesel was less than 1 ppm. And testing of
desulfurization using diesel feed (DF1) containing 30 ppm of sulfur using catalyst
containing only ZnO/Al2O3 showed sulfur breakthrough in less than 30 h and losing all of
the activity in 50 hours. The ZnO/Al2O3 catalyst showed some activity to reduce sulfur
level in the first few hours but the activity was not significant enough to remove sulfur
compounds (4,6-Dimethyldibenzothiophene and 4-Methyldibenzothiophene). The lack of
activity with ZnO and γ-Al2O3 proves that either Ni or its alloys are required to provide
the necessary catalytic activity. As shown in Figure 4.6.2, all other catalysts with Ni
loading on ZnO NW powder along with γ-Al2O3 showed ultra-deep desulfurization to
levels less than 1 ppm with steady state activity demonstrated for 100-150 hrs.
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Figure 4.6.2: Sulfur content in diesel samples at different times-on-stream: Comparison
of catalysts using different Ni loading amounts on ZnO NW
Figure 4.6.3 shows the photographs of treated diesel samples as a function of
time. The catalyst was 12% Ni, 58.7% ZnO, 29.3% γ-Al2O3. The change in color is
probably due to aromatic saturation. Just after few hours, the diesel sample was colorless
due to very low amount of aromatics and then started picking up color after 60 hrs and
then remained almost the same thereafter. Thus lighter color is indicative of better diesel
quality.

Figure 4.6.3: Color of diesel samples with time
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4.6.2.3 Discussion on Activity and Mechanism
In order to understand the nature and composition of catalyst site and the sulfur
transfer pathway, the spent catalysts are characterized using XRD, and TEM after testing.
Figure 4.6.4 shows SEM images for fresh and spent versions of a catalyst containing 15%
Ni, 58.7% ZnO, 26.3% γ-Al2O3. The diameters and lengths of NWs were 70-150 nm and
250 nm-2 µm, respectively. The spent catalyst was used to desulfurize the DF2 feed
containing various sulfur compounds (Table 4.6.1) over 110 h. It is clear from the SEM
images that the nanowire morphology was retained after reaction. This is highly critical
for good activity and selectivity of the catalyst. Figure 4.6.4 shows the XRD patterns for
fresh and spent catalysts containing 15% Ni, 58.7% ZnO, 26.3% γ-Al2O3. In general, the
data shows the presence of NiO and ZnO phases in all the fresh catalysts. There was no
shift observed in ZnO peaks. Upon reduction step, NiO clusters reduce to either nickel or
nickel rich nickel-zinc compound. The spent catalyst shows ZnS but no NiS phase which
supports the reactive adsorption mechanism in which active metal sites are preserved for
ultra-deep desulfurization. The absence of NiS phase indicates that the sulfur from
sulfided Ni or Ni rich clusters is transferred to underlying ZnO nanowire supports
effectively.
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Spent

Fresh
he

Figure 4.6.4: SEM micrographs and XRD patterns of fresh and spent catalyst 15% Ni,
58.7% ZnO, 26.3% γ-Al2O3
Figure 4.6.5 (a) shows the XRD patterns for fresh and spent catalysts containing
12% Ni, 58.7% ZnO, 29.3% γ-Al2O3. The same characteristics were observed as 15% Ni
discussed before. It is important to note that, although 15% catalyst and 12% Ni catalyst
faced very different amounts of sulfur in the feeds still there is no significant difference
in their XRD features except for nickel-zinc alloy. In the present case, it is Ni0.7Zn0.3,
whereas in the earlier one it was (Ni4Zn)0.8, both are rich in nickel. It is highly likely that
the nickel rich Ni1-xZnx alloy clusters are formed during reduction step. It has been shown
earlier that reduction at 430oC enables the formation of nickel alloy with zinc [105].
Figure 4.6.5(b) shows the XRD patterns for 12% Ni, 3% Mo, 58.7% ZnO, 26.3% γAl2O3. This catalyst contained MoNi, NiO, and ZnO phases. The spent catalyst had
MoNi, NiO, ZnO and ZnS phases. This catalyst also did not show any NiS phase which
reaffirms our hypothesis of reactive adsorption mechanism.
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Figure 4.6.5: XRD patterns for fresh and spent catalysts with compositions (Left) 12%
Ni, 58.7% ZnO, 29.3% y-Al2O3; and (Right) 12% Ni, 3% Mo, 58.7% ZnO, 26.3% yAl2O3
Figure 4.6.6 (a) and (b) show TEM micrographs of ZnO nanowire decorated with
NiO nanoparticles in fresh catalyst and nickel-zinc nanoparticles in spent catalyst,
respectively. The crystalline size (from XRD) for NiO nanoparticles in fresh catalyst was
10.4 nm and for spent catalyst nickel-zinc crystallite size was 12.8 nm. This shows that
the nanoparticles are not agglomerating/sintering to form bigger particles which usually
happen with nanoparticles at these reaction conditions. One of the main problems with
NPs is sintering [109]. For example, small nanoparticles of ZnO easily agglomerated
which caused a catastrophic decrease in both desulfurization activities and sulfur
capacities [109]. The formation of bigger particles would be detrimental for steady
activity of the catalyst. This observation shows that nanowire supports have prevented the
nanoparticles from sintering. This is one of the major qualities of these nanowire-based
catalysts. NW morphology was retained, an important characteristic for their continued
and steady activity.
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(a)

(b)

Figure 4.6.6: TEM micrographs of 15% Ni, 58.7% ZnO, 26.3% γ-Al2O3 (a) fresh
catalyst; (b) spent catalyst. Images do not show the same nanowire but different ones
from the same sample.
In order to further investigate the sulfur adsorption mechanism, a spent catalyst
(12% Ni, 58.7% ZnO, 29.3% γ-Al2O3) has been analyzed using high resolution TEM
(HRTEM) micrographs and the selected-area electron diffraction (SAED) patterns of Ni
and NiO. In Figure 4.6.7, the HRTEM images of the different regions of a spent ZnO NW
decorated with nickel nanoparticle (A) show that: (B) the nickel cluster on the NW
contains both metallic Ni and NiO; (C) the ZnS was found on the NW with the lattice dspacings of 3.2 Å and 3.17 Å[110], corresponding to the (002) and the (100) planes,
respectively, which are consistent with the ZnS phase (JCPDS Card No. 80-0007); (D)
some unreacted ZnO presents in the core area of the NW with a fringe spacing of 5.27 Å,
corresponding to the separation between the (0001) planes [111]. Therefore, this HRTEM
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study also strongly supports the findings from XRD that there is ZnS not NiS phase in
spent catalysts.

Figure 4.6.7: TEM micrographs of spent catalyst (12% Ni, 58.7% ZnO, 29.3% γ-Al2O3):
(A) Low-magnification bright filed TEM micrograph; (B) HRTEM image of the selected
area in catalyst (A): showing the Ni and NiO cluster; (C) HRTEM image of the selected
area in catalyst (A): showing the tail area of the catalyst; (D) HRTEM image of the
selected area in catalyst (A): showing the center area of ZnO NW.
Figure 4.6.8 shows the first hydrogenation of 4,6-DMDBT. This path is more
probable than direct desulfurization (DDS) because sterically hindered C-S bond is easier
to break when one of the aromatic rings is first hydrogenated. This step makes sulfur
atom more accessible to the active site. Then sulfur is then removed via hydrogenolysis
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of the C-S bond on the NixZny site. This accelerated pre-hydrogenation activity is critical
in removing highly refractive sulfur compounds such as 4,6-DMDBT [96, 112]. Fresh
metal sites provide the suitable environment for the hydrogenation to occur first. The
sulfur can directly transfer (solid state diffusion) from NixSZny to ZnO. In this
mechanism, the NW morphology provides for easier sulfurization and sulfur transfer
from active metal particles.

Figure 4.6.8: Proposed reaction mechanism for desulfurization on Ni/ZnO nanowires
4.6.3 Conclusions
Different catalysts containing 12-30% Ni clusters on ZnO nanowire supports and
γ-Al2O3 were synthesized, characterized, and tested. The sulfur content in diesel was
brought down to less than 1 ppm from 30-200 ppm (approx.) sulfur in different feeds at
moderate reaction conditions (pressure 30 bars and temperature 290°C) compared to
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industrial practice (60-90 bars and 350 -390°C). The data showed that our catalysts have
shown to be highly active towards 4,6-Dimethyldibenzothiophene (DMDBT). The steady
state activity of the catalyst was achieved within the first few hours and remained
constant for over 100 hours (after which, the tests were discontinued). The active
catalytic site was shown to be comprised of super-Ni-rich NixZny phase, which remained
essentially sulfur free after desulfurization process.
4.7 Summary
A flame based method for producing metal oxide such as zinc oxide nanowires at
large scale is described using a new fluidized bed reactor. The reactor has been shown to
produce nanowire using both microwave plasma and hydrocarbon. The nanowire
produced using microwave plasma are about 20-80 nm in diameter, about 1 micron in
length, aspect ratio of 6 – 20. The nanowire produced using hydrocarbon are larger in
diameter of about 80 – 150 nm, about the same length of 1 micron, aspect ratio of 2 – 10.
The production rate as high as 2 kilograms per hour is obtained using hydrocarbon flame.
The yield is about 30% using microwave plasma flame and about 90% using
hydrocarbon. The nanowire morphology can be controlled by varying the operating
parameters such as flame source, gas flow rate, feeding rate. The yield can be increased
by increasing hydrocarbon flow rate and flame volume. The production capacity can be
increased by increasing the feeding rate, hydrocarbon flow rate and flame volume. The
fluidization is the key factor for archiving high yield and high production capacity.
The resulting zinc oxide nanowires showed excellent performance as catalyst
support for hydro-desulfurization of diesel. The 12-30% Ni clusters on ZnO nanowire
supports and γ-Al2O3 were shown to remove sulfur content in diesel from 30-200 ppm to
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less than 1 ppm. The steady state activity of the catalyst was achieved within the first few
hours and remained constant for over 100 hours.
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CHAPTER V

SCALABLE SOLVO-PLASMA PRODUCTION OF TIN OXIDE
NANOWIRES
5.1 Scalable solvo plasma production of tin oxide nanowires
5.1.1 Introduction
Tin oxide nanowires is one of the most promising 1D nanostructures for advanced
applications

in

lithium-ion

batteries[6],

solar

cells[50],

sensors[113],

optical

devices[114], and electronic devices[5]. However, the wide-spread use of nanowire based
materials in to energy device applications has been limited due to the fact that there are
no scalable manufacturing methods, yet. For example, the lithium-ion battery electrodes
will require production on the order of kilograms even for simple pouch cell prototyping.
Thus, the development of reliable, reproducible and simple techniques for production of
tin oxide nanowires and their testing into energy devices is of great interest. Up to date,
several approaches have been proposed to prepare tin oxide nanowires including
chemical vapor deposition[115], laser ablation[116], template method[117] and most
predominantly hydrothermal technique[118].
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Hydrothermal synthesis has been traditionally used to prepare nanostructured
materials including nanoparticles and nanowires. However, this approach requires long
time scale, high pressure, multiple steps and expensive precursors [119]. Further, in most
cases, hydrothermal techniques require the use of surfactant to control the nanowire
growth. Also, no clear mechanism for tin oxide nanowires have been proposed.
Importantly, the hydrothermal techniques are limited to lab scale (few milligrams to
hundred milligrams a batch) [120, 121]. Two recent hydrothermal based approaches are
microwave assisted hydrothermal and continuous flow hydrothermal method, which can
increase the production rate to about 5g/day and 10g/hour, respectively [122, 123].
However, these hydrothermal methods have been shown to work only for nanoparticles
(NPs) and not to make nanowires. Another popular method for making nanowire growth
is that using vapor-liquid-solid (VLS) process for many semiconductors including tin
oxide [115]. However, VLS processes require the use of low pressure, high temperatures,
high fabrication cost and Au as catalyst.
In this chapter, we report a facile, fast "solvo-plasma" production of tin oxide
nanowires using tin oxide particles as a low-cost source. This study demonstrates, for the
first time, the direct conversion of tin oxide particles to tin oxide nanowires with reaction
time scales on the order of a minute or lower. More importantly, various experimental
studies are used to understand the underlying principle of nucleation and growth of tin
oxide nanowires in the presence of alkali hydroxides.
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Figure 5.1.1: Photograph of an actual experiment: plasma exposure of tin oxide precursor
and KOH paste on quartz substrate a), a bottle of tin oxide nanowire powder of 10 grams
produced in one hour reaction time
5.1.2 Results and Discussion
All experiments are performed using inexpensive, commercial tin oxide particles
without any further purification by mixing them with KOH and exposing to atmospheric
plasma flame for 15 seconds to 1 minute. Using a 1-inch square substrate, we were able
to demonstrate production of tin oxide nanowires at a scale of 10 grams in one hour
(Figure 5.1.1b). The exposure time used here is less than a minute which is about 3.5
orders of magnitude faster than that using a hydrothermal method. Figure 5.1.2a shows
SEM images of the resulting tin oxide nanowires that are 2 microns in length and about
50 to 100 nm in diameter. The TEM images of tin oxide nanowires show highly porous
structures of tin oxides, which is due to HCl ion exchange and plasma annealing step
(Figure 5.1.2b, c). The BET surface area of the porous tin oxide nanowires turned out to
be 37 m2/g. The BET surface area could be increased further by controlling the ion
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exchange and annealing parameters. The phase transformation of intermediate nanowires
to tin oxide nanowires created the porous structures where potassium and water vapor are
removed. The porous structures consisted of interconnected tin oxide nanoparticles. The
underlying mechanism for porous structure formation seems to be similar to that
suggested in many other reports using hydrothermal synthesis with additional annealing
step[118]. However, the actual mechanism is not completely clear in terms of how phase
transformation leads to porous nature within the nanowires. Figure 5.1.2c also revealed
the twining effect where the boundary in the top left corner clearly showed merging of
two nanowires. The merging maybe due to the high surface diffusion of tin atoms on
nanowire surface under plasma exposure [60]. The HR-TEM image in Figure 5.1.2d
showed the match of interplanar lattice spacing of 3.35 Å and 2.64 Å for the plane (110)
and (101), respectively.
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Figure 5.1.2: Scanning electron microscopy of tin oxide nanowire powder after annealing
a), TEM images b) and c) showing the porous structure and twining effect, (inset) SAED
of tin oxide nanowires, HR-TEM image showing the matching interplanar lattice spacing
of (110) and (101) plane of tin oxide nanowires d).
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Figure 5.1.3: Powder XRD pattern of samples after annealing in plasma showing the pure
phase of rutile tin oxide while the as-synthesized samples showing additional
intermediate compounds.
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Figure 5.1.4: HR-TEM images of as-synthesized samples showing well-matched
interplanar lattice spacing of rutile tin oxide in (a) and (b), K2SnO3.H2O in (c) and (d)
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Figure 5.1.5: Raman spectrum of tin oxide after plasma annealing in comparison with
bulk tin oxide
The powder XRD pattern of tin oxide nanowires after annealing in plasma is
shown in Figure 5.1.3. The diffraction peaks revealed that tin oxide nanowires have
tetragonal crystal structure with lattice parameters a = b = 4.74 Å and c = 3.18 Å,
corresponding bulk rutile tin oxide (PDF-00-005-0467). The selected area diffraction
pattern also confirms the pure phase tin oxide as in Figure 5.1.2b. No other impurity
peaks are detected in the tin oxide nanowire samples after annealing in plasma. The
Raman spectroscopy of the tin oxide nanowires after annealing shows fundamental peaks
at 474, 633, and 775 cm-1 that is well matched with rutile tin oxide[124] (Figure 5.1.5). In
addition to the peaks of tin oxide phase, the XRD pattern of as-synthesized samples
(Figure 5.1.3) showed peaks of K2SnO3.H2O (PDF-00-019-0993). The HR-TEM images
showed well-matched interplanar lattice spacing of SnO2 (Figure 5.1.4a, b) and layered
structure K2SnO3.H2O (Figure 4c, d). The lattice spacing of 6.54 Å, 3.16 Å and 2.78 Å
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correspond to the peaks of 13.5o, 28.2o, and 32.2o of K2SnO3.H2O. EDS analysis shows
that the as-synthesized nanowires contain about 13 at.% of potassium. This confirms that
the intermediate compound or as-synthesized compound is K2SnO3. The hkl index of
K2SnO3.H2O is not available to our knowledge. However, the lattice spacing of tin oxide
in Figure 5.1.2d shows that tin oxide nanowires grown along [001] direction that is in
agreement with previous reports [119, 125]. [001] direction has highest surface energy
that favored the 1D growth [120, 126].
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Figure 5.1.6: SEM images of (a) tin oxide precursor and as-synthesized K2SnO3
nanowires at weight ratios of SnO2 to KOH of (b) 3:1, (c) 1:1, (d) 1:3. Experiments were
conducting using plasma flame with power of 1.2 kW at a duration of 60 seconds
Even though, the above results clearly demonstrate the formation of onedimensional structures with plasma exposure of tin oxide powder mixed with KOH, there
are several questions remain unanswered about the observed 1-D growth. So,
experiments were conducted for different weight ratios of SnO2 to KOH to understand
initial stages of growth. Figure 5.1.6 showed the SEM images of as-synthesized samples
at different weight ratios of SnO2 to KOH in comparison with the tin oxide particle
precursor. Thin, short nanowires of about 70 nm in diameter and 2 to 4 microns in length
are observed at weight ratio of 3 to 1. When the weight ratio for precursors decreased to 1
to 1, there is more change in the nanowire diameter and length. As shown in Figure
5.1.6c, the resulting nanowires are of 100 to 300 nm in diameter and 20 to 30 microns in
length. The image also shows that nanowires bunch up and seem to be fusing together for
samples grown using precursors at a weight ratio of 1 to1. Such sintering of nanowires
could be the reason for twining effect seen in Figure 2c. The nanowire diameter increased
further when using precursor ratio to 1:3. However, there is the presence of excess KOH
on top of nanowires that make it difficult to quantify diameters. The increase in diameter
for resulting nanowires can probably be explained with decreasing supersaturation with
decreasing SnO2 to KOH ratio from 3:1 to 1:3.
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Figure 5.1.7: SEM image of as-synthesized samples using a) SnO2+KCl, b) Sn+KOH, c)
Sn+KCl, d) SnO+KOH, e) K2SnO3, f) SnO2+KOH. Sample a) to e) prepared using
plasma heating for 60 seconds, sample f) prepared using thermal heating at 900oC for 2
hrs.
Experiments were also performed using different tin precursors such as tin oxide,
tin and tin monoxide to determine their impact on reaction time scales and nanowire
growth rates. As shown in Figure 5.1.7, K2SnO3 nanowires are obtained using a mixture
of tin metal powder or tin mono-oxide particles with KOH. Nanowires obtained using tin
metal powder have random diameters and lengths. Nanowires obtained using tin monooxide have diameters of about 50 to 100 nm and lengths up to 50 microns (Figure 5.1.7d).
In fact, tin oxide nanoparticles are always found together with K2SnO3 nanowires when
tin metal powder used as starting material (Figure 5.1.7b, c). No nanowires formed with
either mixture of H2O or KCl with tin oxide particles (Figure 5.1.7a). In another
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experiment, the same mixture of tin oxide particles and KOH at mass ratio of 3 to 1 is put
onto a quartz substrate and was thermally heated to 900oC for 2 hours in a box furnace.
The similar tin oxide nanowire morphology but longer in length is observed (Figure
5.1.7f).

Figure 5.1.8: SEM image of as-synthesized sample prepared at different distance away
from the outlet of applicator: a) 1 inch, b) two inches, and c) 3 inches. The bottom row
showing the actual plasma flame with red marks as position of samples
Plasma is a partially ionized gas which include highly active species such as
electrons, ion, neutrals. Plasma density, which is related directly to density of such active
species, has been shown to have a strong effect on nanostructure formation. Our facility
has no access to measure plasma density. However, plasma density gradient along the
plasma flame can be used to study the effect of plasma density on formation of our
nanowires. The highest plasma density is at the outlet of application. The plasma density
decreases as we move far away from the outlet of applicator as shown in bottom row in
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Figure 5.1.8. As observed in Figure 5.1.8, high density, uniform nanowire diameter of
about 70 nm and 2-5 microns in length was obtained when precursor paste was exposed
to plasma flame at a distance of 1 inch. At the distance of 2 inches, the nanowire became
shorter in length and thinner in diameter. Eventually, there was no nanowire formation at
the distance of 3 inches. At 3 inches away, the plasma density was low or oxygen radical
concentration was low which resulted in low concentration of K2SnO3. Thus,
supersaturation of K2SnO3 was not achieved for growth of nanowires.

Figure 5.1.9: SEM image of as-synthesized sample prepared at different time scale using
large tin oxide particles as precursor: a) 20 seconds, b) 60 seconds, and c) 5 minutes.
Lower row showing images at higher magnification
Micron size of tin oxide particles has been converted to tin oxide nanowires
completely in the early results. Experiments also were conducted using larger tin oxide
particles as large as 150 microns in diameter. As shown in Figure 5.1.9, the stannate
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nanowires were prepared using large tin oxide particles. Unlikely the case of 1-5
microns’ tin oxide particle used where the tin oxide particles were completed melted or
collapsed into thin film on the substrate, the large tin oxide particle morphology was still
maintained. However, there were stannate nanowires all over the surface of tin oxide
precursor particles. As the reaction time increased from 20 seconds to 5 minutes, the
nanowires became denser. However, the nanowire length remained as same as those of 15 microns tin oxide precursor particles. This can be explained by the diffusion of oxygen
radical into large particle size. Due to large particle size of tin oxide precursor particles,
the oxygen radical could not reach the core of the tin oxide particle and thus the tin oxide
particles remained the same spherical morphology. There was only thin layer on the
surface of tin oxide particle got reacted. As a result, the short nanowires as same as those
of 1-5 microns tin oxide particles.
5.2 Growth mechanism for stannate nanowires during solvo-plasma oxidation

Figure 5.2.1: Schematic showing the proposed growth mechanism for growth of tin oxide
nanowires. a) Mixture of tin oxide particle and KOH in plasma flame, b) KOH got melted
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into free moving K+ and OH- ions, c) diffusion of oxygen radicals, K+ and OH- ions into
tin oxide particle to form K2SnO3, d) K2SnO3 nucleus forming under supersaturation of
K2SnO3, e) layered structure K2SnO3 grown due to active edge.
Based on all the experimental observations, we propose a mechanism to explain
tin oxide nanowire growth in a three step sequence as shown in Figure 5.2.1: (1)
continuous dissolution of tin oxide particles with KOH results in supersaturation of tin
oxide in molten phase containing K-Sn-O, (2) phase segregation and bulk nucleation of
K2SnO3 on the surface of tin oxide particles due to non-stable molten phase containing KSn-O, (3) K2SnO3 formation started from surface of tin oxide particles by diffusiondriven self-arrangement and basal attachment[127]. The resulting K2SnO3.H2O phase has
layered structure with active sites at the edge sites for faster attachment kinetics. Faster
growth kinetics along certain planes will only lead to platelet structure and morphology.
So, in addition to faster growth kinetics at edges of layered structure, selective wetting of
crystal nuclei with molten phase is hypothesized for ensuring one-dimensional growth for
K2SnO3 nanowires. Extra exposure of K2SnO3 nanowires also result in tin oxide
nanowires. So, the final product can contain pure tin oxide nanowires. But, based on our
experimental data, the formation of K2SnO3 1-D structures occurs first and then
transforms to pure phase tin oxide nanowires. Previous studies using hydrothermal
method suggested that the formation of tin oxide nanowires was due to decomposition of
intermediate phase of Na2Sn(OH)6 to tin oxide nuclei followed by condensation to form
tin oxide nanowires [119, 128].
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Figure 5.2.2: In-situ measurement of surface temperature of samples on quartz substrate

In principle, KOH can easily be melted into free moving K+ and OH- ions under
plasma exposure or thermal heating up to 406oC or higher. Indeed, an in-situ
measurement of surface temperature using a Pyrometer which showed the temperature to
be lower than its minimum detection limit of 475oC after 17.4 seconds of exposure time.
KOH probably melted sooner than 10 seconds of exposure time as shown in Figure 5.2.2.
Free moving K+ and OH- ions and oxygen radicals[129, 130] produced by atmospheric
plasma flame quickly diffuse into tin oxide structure to form a thin layer of molten
melted of K2SnO3 on the surface of tin oxide particles.
SnO2 + 2K+ + 2OH- + O ® K2SnO3 + H2O + 1/2O2

(5.2.1) DG1, 900

Fast diffusion of K+, OH- ions and oxygen radicals into tin oxide particles make
tin oxide quickly dissolved to form a molten phase containing K, Sn and O in which the
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K2SnO3 phase forms and nucleates out. K2SnO3 is a layered structure itself in which the
growth predominantly happens at its ends (at edge sites). The growth direction along the
wide d-spacing of 6.54 Å was confirmed in all of the TEM analysis of the as-synthesized
samples. Availability of K+ and OH- ions make the edge, where nucleus is in contact with
molten K2SnO3, is the only active edge that nucleus can propagate to form nanowire.
SnO2 + 2K+ + 2OH- ® K2SnO3 + H2O

(5.2.2) DG2, 900

Under thermal heating, the reaction (1) can be revised as shown in reaction (2).
Under thermal heating up to 900oC, KOH also became molten into free moving K+ and
OH- ions. The same growth mechanism can be applied in case of thermal heating. Gibbs
free energy of K2SnO3 is not available yet. However, by assuming that the Gibbs free
energy of K2SnO3 is a specific value of XKSO, then we could calculate Gibbs free energy
change of above reactions at 900oC. DG1,

900

and DG2,

900

are of XKSO+256.45 and

XKSO+432.84 kJ. The difference of 176.39 kJ in Gibbs free energy indicates that presence
of plasma makes the reaction (1) more spontaneous than reaction (2). Indeed, fast
nanowire growth rate of 1µm/min is observed with plasma heating while thermal heating
resulted in slow nanowire growth rate of 0.04 µm/min. As a main specie of atmospheric
plasma, highly active oxygen radicals113b with K+, OH- ions diffuse quickly into tin oxide
structure to form K2SnO3. Fast diffusion of oxygen radicals, K+, and OH- ions results in
fast growth rate of nanowires in plasma heating.
SnO + 2K+ + 2OH- + O ® K2SnO3 + H2O

(5.2.3) DG3, 900

In another experiment, tin mono-oxide is used as starting material. The reaction
occurs as reaction (3). The Gibbs free energy (DG3, 900) is calculated to be XKSO+87.75 kJ
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which is 168.70 kJ lower than that of reaction (1) where tin oxide is used. As expected,
the use of tin mono-oxide has increased the nanowire growth rate up to 40 µm/min that is
40 times faster than the use of tin oxide with plasma heating and 1000 time faster than the
use of tin oxide with thermal heating.
Sn + 2K+ + 2OH- + 2O ® K2SnO3 + H2O

(5.2.4)

The use of tin metal as starting material made a big difference. Tin metal can react
directly with KOH to form K2SnO3 nanowires as reaction (4). Tin metal can also get
oxidized to tin mono oxides, tin oxides and then these oxides react with KOH to form
K2SnO3 nanowires. Therefore, random nanowire lengths are observed as tin mono-oxides
tend to form long nanowire while tin oxides produce short nanowires. Several resulting
tin mono-oxide or tin oxide particles, did not get in contact with KOH and are observed
as particles in any experiments using tin metal as starting material.
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Figure 5.2.3: XRD pattern of a) K2SnO3 particle precursor, b) as-synthesized nanowires
using K2SnO3 particles, c) as-synthesized nanowires using tin mono oxide particles, d) tin
mono oxide particle precursor, e) as-synthesized nanowires using tin oxide particles for
10 seconds exposure time, f) as-synthesized nanowires using tin oxide particles for 60
seconds exposure time, g) SnO2 particle precursor
The structure of as-synthesized nanowires using different starting materials for tin
is investigated to understand the transformation of tin-based particle precursor to K2SnO3
nanowires. Figure 5.2.3 shows the XRD pattern of as-synthesized nanowire samples
using tin oxide, tin mono-oxide and K2SnO3 particles. Clearly, the nanowires prepared
using K2SnO3 particles exhibit the same peaks of K2SnO3 phase as shown in Figure
5.2.3a and b. Peaks of K2SnO3 appear in the samples prepared using tin oxide particles
after 10 seconds of exposure time (see Figure 5.2.3e). As the exposure time increased to
60 seconds, the intensity of these peaks increase significantly as shown in Figure 5.2.3f.
In other experiment with K2SnO3 particles as precursor, K2SnO3 remains the same phase
but the morphology changes from particle form to nanowire form (Figure 5.2.3a, b and
Figure 5.1.7e). The formation K2SnO3 nanowires using K2SnO3 particles will be
investigated for more detail in the following chapter. The use of tin mono oxide as
precursor does not show the formation of K2SnO3. As shown in Figure 5.1.7d, the long
nanowires prepared using tin mono oxide probably experience high temperature gradient
and transform directly to tin oxide phase under plasma exposure. This is advantageous as
it can further increase the production capacity of tin oxide nanowires using a roll-to-roll
setup and expected to introduce a new commercial production of tin oxide nanowire
powder for practical applications such as lithium ion batteries, solar cells.
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5.3 Porous tin oxide as anodes for lithium ion battery application
Availability of porous tin oxide nanowires in large quantities should be very
interesting for prototyping applications in batteries, gas sensors and catalysts114. For
lithium ion battery application, tin and its oxides are one of the most important anode
materials due to their highest volumetric capacity and decent gravimetric capacity of 7.25
Ah cm-3 and 994 mAh g-1 for tin, 5.47 Ah cm-3 and 781 mAh g-1 for tin oxide,
respectively115. Moreover, nanowire structures are also known to provide fast charge
transport and stress accommodation for lithium ion batteries. In spite of these advantages,
tin oxide has been shown to suffer from two major challenges. In addition to mechanical
degradation due to volume change (about 250%)116, tin oxide also suffers from chemical
degradation, i.e., pulverization of tin oxide into tin and non-conducting Li2O phase.
Typically, tin and tin oxide based materials suffer from large irreversible capacity loss in
first few cycles and continue to fade in capacity with cycling. Recently, Meduri et al.
reported that tin nanocluster on tin oxide nanowires could accommodate the volume
expansion and increase the conductivity which is resulted in high reversible capacity of
814 mAh g-1 after 100 cycles5b. Based on this concept, the resulting nanowire powders
from our synthesis have been treated and tested in lithium ion battery anodes.
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Figure 5.3.1. Galvanostatic curves a) and discharge capacity vs. cycle number b) of tin
nanoclusters covered tin oxide nanowires at current density of 100 mA/g
The resulting tin oxide nanowire powders from our plasma oxidation technique
are partially reduced in a hydrogen microwave plasma reactor to form tin nanocluster on
the surface of tin oxide nanowires. The tin nanocluster covered tin oxide nanowires are
used as active materials for battery testing. To confirm the durability of the tin oxide
nanowire electrodes, all of the electrodes are charged and discharged in the voltage range
of 0.005-2.2 V at a current density of 100 mA/g (Figure 5.3.1). The high initial capacity
of 1700 mAh g-1 is due to the decomposition of electrolyte to form solid electrolyte layer,
the reduction of tin oxide to tin, and the insertion of Li ion into tin oxide and tin to form
Li4.4Sn alloy. The capacity decreases in first few cycles and remained stable at 614 mAh
g-1 after 55 cycles. Another set of experiments with lower loading of 0.2 mg/cm2 shows
exceptional high initial capacity of 3059 mAh g-1. The capacity drops quickly in the
second cycle to 1623 mAh g-1 and remains stable at 848 mAh g-1 after 55 cycles at the
same current density of 100 mA/g. This is one of the highest capacity retentions obtained
for tin oxide. We believe that this high capacity is derived from (1) porous structure of tin
oxide which provide high electrode-electrolyte contact area to accommodate the volume
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change during cycling and to provide pathways for fast transportation of lithium ions and
easy accessibility of electrolytes117; (2) lower loading leading to minimum delamination
which has been reported as a major issue with tin oxide nanowires 118.
5.4 Generic solvo plasma production of metal oxide nanowires
It is important to demonstrate that the solvo-plasma are generic for synthesizing
most of the metal oxide nanowires. Several oxides of high melting point metals such as
Mn, Co, W, and Ti have been successfully synthesized using solvo-plasma
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. The

previous section has shown the synthesis of oxide of tin as low melting point metal. To
confirm that solvo-plasma will work for most of the oxides of both low melting point and
high melting point metals, the synthesis of zinc oxide nanowires is performed using solvo
plasma technique. Zinc metal particles (1÷5 µm size, Atlantic Equipment Engineer, Inc)
mixed with KCl and water is added to make the precursor paste. As shown in Figure
5.4.1, zinc oxide nanowires were obtained at about 200-400 nm in diameter and 5
microns in length. The TEM image shows the interplannar spacing of 0.51 nm which is
well matched with the d-spacing of (100) plane of zinc oxide. All of the peaks from zinc
oxide sample corresponded to wurtzite hexagonal zinc oxide 82 as shown in Figure 5.4.1
c. The wurtzite hexagonal zinc oxide was also confirmed by Raman spectrum in Figure
5.4.1 d. Peaks at 334, 438 and 578 cm-1 were attributed to E2l, E2h and E1 modes,
respectively119. The observation of direct formation of zinc oxide nanowires from zinc
metal particles without any intermediates is as same as the case of tungsten, manganese,
and cobalt72.
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Figure 5.4.1: SEM image a), TEM image b), XRD pattern c) and Raman spectrum c) of
resulting zinc oxide nanowires prepared using solvo plasma oxidation
The plasma oxidation experiments using titanium, cobalt, manganese, tungsten,
zinc and tin oxide mixed with alkali compounds such as KCl or KOH for complete
conversion of spherical particles into nanowires are summarized in Table 1. The choice
of foil/substrate depended on the type of metal/metal oxide used. The high melting point
metals such as titanium, cobalt, manganese, and tungsten required high temperature to be
melted and a highly heat conductive foil such as their metal foil or graphite was needed.
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On the other hand, quartz slide could be used for case of tin or zinc where the
contamination from foil avoided.
Table 5.5.1: Summary of the experimental conditions used for the NW production
System Raw powder Substrate Alkali Experimental
used
used
reagent condition
Ti
TiO2, anatase Ti
or
KCl
12 lpm air, 800Graphite
900 W, 2-3 min
Co
Co3O4,
Co
KCl
Same as above
<50nm
Mn
Mn, <10 µm
Graphite
KCl
Same as above
W
Sn

KCl
KOH

Zn

W, ~1 µm
Graphite
SnO2, SnO 1- Quartz
5 µm
Zn, 1-5 µm
Quartz

Si

Si, 1-5 µm

KOH

Quartz

KCl

Results
Titanate NW array
Long bent NWs

Long, beaded and bent
NWs
Same as above
Straight cylindrical rod
12 lpm air, Short stannate NW
1.2kW, 1 min
array
12 lpm air, Short zinc oxide NW
1.2kW, 1 min
array
1kW, 1 min
Silicate
nanotubes,
NWs

5.5 Scalability of solvo-plasma technique using conveyor belt and fluidized bed
reactor
The scalability of solvo-plasma techniques can be established using a conveyor
belt setup. As shown in Figure 5.5.1, the production capacity can be controlled by the
thickness of precursor film, width of belt, speed of belt and plasma power. There is one
plasma flame in the setup but multiple plasma flames can be used for higher production
capacity. In a lab-scale setup, the belt width of 2 inches, the plasma power of 0.8 to 2.5
kW, belt speed of 1 to 2 inches per minutes for exposure time of 30 seconds to 1 minute,
the precursor film thickness 100 µm to 1 mm. A simple calculation for plasma power of
1.5 kW, belt speed of 1 inch per minute, results in a production rate of 31 to 310
grams/hour for precursor thickness of 100 µm to 1 mm using estimated density of dried
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precursor film of 4 g/cm3.

Figure 5.5.1: a) Roll-to-roll setup for commercial production of tin oxide nanowire
powder; b) A photo of lab-scale conveyor belt
Experiments were also conducted to understand the solvo-plasma in gas phase
without using any support or substrate. The synthesis of titanate and stannate nanowires
was performed in the downstream atmospheric plasma reactor as described in chapter 3.
K2O.TiO2 particles were used for titanate nanowire synthesis while stannate particles and
mixture of SnO2 particles and KOH were used for stannate nanowire synthesis. As shown
in Figure 5.5.2, titanate nanowires of about 30 µm in length and about 200 nm in
diameter were obtained. The stannate nanowires were thinner and shorter. This set of
preliminary data shows that titanate and stannate partciles were mostly converted to
nanowires. The use of mixture of tin oxide particles and KOH resulted in lower
conversion. The low conversion may be due to short residence time and poor mixing of
tin oxide particles and KOH. However, the conversion and nanowire morphology can be
controlled by several parameters such as plasma power, total gas flow, gas composition,
and mass ratio of tin oxide particles and KOH. The downstream plasma reactor offers
very short residence time of about 0.01 second. Thus, it is possible to produce these
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nanowires in fluidized bed reactor (see chapter 3) where the residence time can be in
order of seconds or higher due to fluidization of starting particles.

Figure 5.5.2: SEM images of as-synthesized nanowires produced using the downstream
atmospheric microwave plasma reactor. a) titanate, b) stannate, and c) stannate nanowires
produced using K2O.TiO2 powder, K2SnO3 powder and mixture of SnO2 particles and
KOH, respectively.
5.6 Summary
In summary, a simple concept for fast, scalable method is presented and studied
for converting tin oxide particles to tin oxide nanowires by mixing it with potassium
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hydroxide and exposing to an atmospheric microwave plasma reactor. The reaction time
scales have been found to be on the order of few tens of seconds to a minute which makes
this technique highly scalable. A fast nanowire growth rate of 1 µm/min was observed
with plasma heating which is 25 time higher than thermal heating. The use of tin monooxide as precursor could bring the growth rate up to 40 µm/min. A systematic set of
experiments revealed the presence of intermediate phase (K2SnO3.H2O) formation which
could be held responsible for the observed one-dimensional growth. Further acid wash
and annealing of K2SnO3.H2O allowed for formation of porous tin oxide nanowires. The
resulting porous tin oxide nanowires showed a high reversible capacity of 848 mAh g-1
after 55 cycles at a current density of 100 mA/g.
The solvo-plasma technique seems to be generic scheme for synthesizing most of
metal oxides including oxides of low and high melting point metal such as titanium,
cobalt, manganese, tungsten, zinc and tin oxide. Solvo-plasma is fast, scalable method
which is an ideal replacement for several liquid phase techniques such as hydrothermal,
precipitation, electrochemical syntheses. A production capacity of 300 grams per hour
can be obtained by a simple lab-scale roll-to-roll setup. The production capacity can be
increased further by using fluidized bed reactor.
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CHAPTER VI

PROTECTIVE COATING IN NANOWIRE BASED ANODES
6.1 Introduction
In this chapter, challenges associated with nanowire based materials for lithium
ion battery application such as volume expansion, and initial capacity loss will be
investigated. Tin-based materials have attracted great deal of attention for anodes in
lithium-ion batteries (LIBs) due to their high theoretical capacities of 781 mAhg-1, 991
mAhg-1 for case of SnO2 and Sn, respectively115. In particular, tin oxide (SnO2) has been
considered as a promising candidate that can substitute for commonly used graphite
electrodes. However, SnO2 based anodes suffer from two major drawbacks: (i) capacity
fading due to their volume expansion during cycling116,
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leading to mechanical

degradation, pulverization of electrode materials with chemical degradation and (ii)
initial capacity loss resulting from the formation of insulating-Li2O121, and solid
electrolyte interface (SEI)122.
Several approaches have focused on improving the capacity retention by lowering
the pulverization of SnO2 and mechanical degradation due to volume expansion. For
example, Ding et al.123 reported that a capacity of 773.7 mAhg-1 could retain after 100
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cycles by using a nanocomposite SnO2-Se thin film. Similarly, a study by Yu et al. has
shown that a novel composite of Li2O-CuO-SnO2 exhibited a capacity of 1158 mAhg-1 at
0.5C and 525 mAhg-1 at 8C after 100 cycles124. Xia et al. have reported that composites
of SnO2 nanoparticles and carbon nanofiber showed a capacity retention of 383 mAhg-1
after 30 cycles at the current density of 100 mAg-1
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. Mei et al.117 has shown a

reversible capacity of 810 mAhg-1 after 50 cycles for the hybrid electrode consisting of
porous Co-SnO2 spheres.
Nanowire morphology offer conducting pathways and short length scales for
lithium ion diffusion. However for SnO2 nanowires (SnO2 NWs), the chemical
degradation through Li2O+Sn formation during lithium alloying/de-alloying will result in
quick degradation of morphology within first five cycles leading to severe capacity
degradation to around 300 mAhg-1
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. Several approaches have been reported in the

literature to improve capacity retention of SnO2 NW-based anodes. For instance, Kim et
al.127 has synthesized coaxial SnO2-In2O3 heterostructured nanowires and shown a high
capacity retention of 700 mAhg-1 after 10 cycles due to high electronic conductivity of
heterostructured nanowires by incorporation of Sn into In2O3 shell. In another study, a
binder-free SnO2 NWs, grown directly on current collector, has been shown to deliver a
capacity of 600 mAhg-1 after 30 cycles at the current density of 782 mAg-1 (1C) but
using only a small voltage range of 0.0-1.2V128. Recently, Zhang et al.129 has shown that
an increase of 3-4 orders of magnitude in conductivity of SnO2 NWs could be obtained
by coating with a layer of carbon which helped with rate perfomrmance. On the other
hand, Sn nanocluster covering SnO2 NWs have exhibited an exceptional capacity of 814
mAhg-1 after 100 cycles5b. However, none of these approaches has addressed the
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reduction of the irreversible capacity losses that results in severe capacity fading in the
first few cycles.
More recently, there has been increased interest in using protective layers on
active materials to reduce the irreversible capacity loss. A key requirement for good
protective coating is to have poor electrical conductivity and high Li ion conductivity.
These approaches have focused on using wet chemical methods to form titania-based
protective coatings on SnO2 particles130, SnO2 nanofibers131 and SnO2 nanotubes132.
These methods, however, require multiple complex steps for making the protective
coating and often result in incomplete coverage of the tin oxide leading to pin hole in the
protective layer130. Recently, atomic layer deposition (ALD) has been introduced as an
effective technique for depositing uniform layers on nanostructures133. Although, the use
of titania-based materials as protective coatings has been shown to improve
electrochemical performance, several fundamental questions as to how these materials act
as protective coating, mechanism of SEI formation and factors determining the lowering
of irreversible capacity loss in the first cycle, still need to be addressed and understood.
However, there have been few studies performed to understand the stability of thin
coatings and their influence on the morphological stability of nanowires. In order to gain
fundamental insight, binder-free SnO2 NW arrays coated with thin protective layers are
studied here in this work.
6.2 Experimental section
SnO2 NW arrays are synthesized on a variety of substrates including stainless
steel (SS) (Alfa Aesar) using a reactive vapor transport of tin in lean oxygen conditions
(5 sccm O2 and 350 sccm H2) at 1 Torr. The detailed experiment procedure has been
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described earlier134. Briefly, the source material is placed in an alumina coated tungsten
boat heater. The Sn metal vapor gets oxidized on the substrate and leads to the growth of
vertical nanowire arrays in a self-catalyzed fashion. The as-synthesized SnO2 NWs on SS
are coated with titania or alumina using an ALD (Cambridge Nanotech) at 250oC with
titanium tetra isopropoxide or trimethyl aluminum, respectively and water as precursors.
In each cycle, a pulse duration of 0.2 seconds, and nitrogen flow rate of 20 sccm are used.
The samples are characterized using a scanning electron microscope (FEI Nova 600), Xray diffraction (Bruker D8 Discovery with Cu Kα radiation), and a transmission electron
microscope (Tecnai F20 FEI TEM operating at 200 kV).
The electrochemical measurements are performed using CR2032 coin-type cells
assembled in a dry argon-filled glove box. The test cell consists of a working anode
electrode titania coated SnO2 NWs and counter electrode of lithium metal. The electrodes
are separated by two pieces of glass fiber filter (ADVANTEC GB-100R. Toyo Rishi CO.,
Japan). The electrolyte solution used is 1M LiPF6- ethylene carbonate (EC): dimethyl
carbonate (DMC) (1:2 by volume). No binders are used. The charge-discharge
measurements are carried out using battery tester (16 channel Arbin Instruments, USA).
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6.3 Results and discussion

Figure 6.1 SEM and TEM (inset) images of titania-coated SnO2 NWs before cycling
SnO2 NW arrays are synthesized directly on SS substrate without using any
catalyst. As shown in Figure 1, the SnO2 NWs are ~300 to 1000 nm in diameter and
about tens of microns in length. The as-grown SnO2 NW arrays on steel substrate are
coated with thin layers of either titania or alumina. The TEM image in Figure 6.1 shows
the atomic layer deposited 15 nm thick titania on SnO2 nanowires. The thickness of
titania or alumina coating is varied from 15 nm to 1 nm in this study.
The lithium intercalation-de-intercalation with tin oxide is expected to proceed
according to the following two reactions135. The first reaction is typically considered as
irreversible and the second on is reversible.
SnO2 + 4Li+ + 4e- → 2Li2O + Sn

(6.3.1)

Sn + xLi+ + xe- ↔ LixSn (0 ≤ x ≤ 4.4)

(6.3.2)
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Figure 6.2 a) Cyclic voltammetry of titania-coated SnO2 NWs at the voltage range of 2.20.005 V using scan speed of 5 mV/min. b) Charge-discharge capacity of pure SnO2
NWs and titania-coated SnO2 NWs at the voltage range of 2.2-0.005 V using current
density of 60 mA/g; c) Comparison of capacity vs. cycle number of SnO2 NWs and
titania-coated SnO2 NWs at currents of 60, 700, and 1500 mA/g; d) Comparison of
capacity vs. cycle number of SnO2 NWs and alumina-coated SnO2 NWs at currents of
60, 700, and 1500 mA/g
Cyclic voltammetry (CV) of pure tin oxide nanowires powders mixed with
binders shows peaks corresponding to the above two reactions. Analysis of the CV of tin
oxide nanowires coated with protective layers is shown in Figure 6.2 a. In addition to
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alloying peaks at ~0.1-0.3V136 and dealloying peaks at ~0.5-0.6V137 seen for pure tin
oxide NWs, a sharp cathodic peak at 0.68V corresponding to the irreversible reduction of
tin oxide to tin is observed138. The peak at 0.68V is significantly reduced in the
subsequent cycles due to the irreversibility of reaction (1). In comparison with CV of
pure SnO2 NWs (Figure 6.3), the peak position is shifted from 0.8V to 0.68 V, and could
be due to presence of coating layers. The second and the subsequent cycles shows broad
cathodic peak at 0.85V that could be assigned to formation of an SEI layer136. Additional
anodic peaks at 0.25V, 0.75V and 0.85V could be due to delithiation of LixSn alloy
formed by tin cluster coming out on the surface of coatings134. These peaks have not been
observed in CV of pure tin oxide nanowires, indicating that Sn clusters on the surface are
formed only when the protective coatings are used.
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Figure 6.3: Cyclic voltammetry of SnO2 NWs at the voltage range of 2.2 ÷ 0.005 V using
scan speed of 5 mV/min
Figure 6.2 b shows a comparison of 1st cycle charge-discharge capacity of pure
SnO2 NWs and titania-coated SnO2 NWs in the voltage range of 0.005-2.2 V using
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current density of 60 mAg-1. The initial discharge capacity of titania-coated SnO2 NWs is
1705 mAhg-1 which is twice theoretical capacity of bulk SnO2. The high initial discharge
capacity is believed to be due to reduction of tin oxide to tin and the intercalation of Li
into SnO2 and complete access to all of the tin for forming Li4.4Sn alloys as depicted by
the plateau at 0.9V. The first cycle columbic efficiency is 72.6%, which is much higher
than that of our pure SnO2 NWs of 49.5% (Table 6.1), and also much higher than 60%
previously reported on similar structure of titania-coated SnO2 hollow nanoparticles130.
To the best of our knowledge, this is the highest and first of its kind value reported for
binder-free SnO2-based electrodes. The initial capacity loss due to SEI formation can be
calculated based on the overall capacity loss and the capacity loss due to tin oxide
reduction130. Accordingly, the initial capacity loss due to SEI formation for pure SnO2
NWs is calculated to be 448 mAhg-1 while the titania and alumina coated SnO2 NW
arrays electrodes show no initial capacity loss due to SEI formation (Table 6.1). The
previous attempt to use lithium titanate as protective coating identified the incomplete
coverage as one of the major challenges in reducing irreversible capacity loss130. In our
case, the full coverage suppressed the formation of SEI in the first cycle. Both titania and
alumina coatings minimize the irreversible capacity loss and accounts for the observed
increase in the columbic efficiency when compared to uncoated SnO2 NWs. A charge discharge measurement of titania-coated SnO2 NWs at 1.0÷3.0V (Figure 6.4) shows a
small capacity of 6 mAhg-1 which means that all of the observed capacities are mainly
from SnO2 NWs.
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Figure 6.4: The charge-discharge capacities with times vs. voltage profiles of titaniacoated SnO2 NWs electrode at 3.0-1.0 V
Table 6.1: 1st cycle electrochemical performance comparison of pure SnO2 NWs and
titania-coated SnO2 NWs
Discharge

Sample

Pure

capacity, mAhg
SnO2

NWs
titaniacoated SnO2

Charge capacity,
-1

mAhg

-1

Columbic
efficiency,
%

ICL,
mAhg

-1

ICL due to reduction ICL due to SEI
of tin oxide to tin , formation
,
mAhg

-1

mAhg

-1

1680

832

49.5

848

400

448

1705

1238

72.6

467

520

-

Figure 6.2 c shows the comparison of capacity vs. cycle number of SnO2 NWs
and titania-coated SnO2 NWs at current density of 60, 700, and 1500 mAg-1. The pure
SnO2 electrode exhibits an initial discharge capacity of 1680 mAhg-1 at a current density
of 60 mAg-1 but fades quickly to 316 mAhg-1 after 30 cycles. Coating of SnO2 NWs with
15 nm titania resulted in similar initial capacity as the one measured for uncoated SnO2
NWs (1705 mAhg-1). However, a significant increase of capacity retention of 634
mAhg-1 after 30 cycles at the same current of 60 mAg-1 is observed. Even a thinner
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titania layer of 5 nm showed higher capacity retention of 767 and 664 mAhg-1 at the
higher current density of 700 and 1500 mAg-1, respectively. Previous studies have
showed that amorphous titania has higher lithium diffusivity coefficient, higher rate
capacity than those of anatase titania139. The use of amorphous titania in our study can
result in formation of intermediate phase of LixTiO2 which has been shown to be a good
lithium ion conductor139a. All of these supports the fact that coating titania on SnO2
enables the high rate capacity of titania-coated SnO2 NWs electrodes. Thus, the presence
of a uniformly coated titania layer is one of the reason why the high capacity retention is
obtained at very high current density. Another reported experiment with alumina as
coating layer has shown good performance on cathode materials133. In our study, the 1
nm thick alumina-coated SnO2 NW electrode exhibited a high capacity retention of 725
and 663 mAhg-1 at the current density of 700 and 1500 mAg-1 after 30 cycles,
respectively (Figure 6.2 d). During cycling, there may be formation of Li2O-Al2O3 glass
which has high ionic conductivity and low electrical conductivity140. The Li2O-Al2O3
glass could serve as a stable solid electrolyte for fast lithium ion diffusion141. This is also
in agreement with previous report that lithium ion could transport through the electrically
insulating layer of alumina and improved the rate capacity142.
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Figure 6.5: Energy band diagram of SnO2 and Al2O3 (a), TiO2 (b) with respect to the
electrochemical scale. Ev, Ec, and Eg represent valence band maxima, conduction band
minima and bandgap, respectively
The lack of SEI formation during first cycle with titania- or alumina-coated SnO2
NWs can be explained by the band edge diagram of SnO2 and coated layers. See Figure
6.5, the band edge off-set prevents the electron migration from tin oxide to coatings and
then to electrolyte. Further poor electrical conductivity and poor electron transport
properties of amorphous titania inhibit electron transfer to the electrolyte mitigating SEI
formation in the first cycle143. Moreover, the band edge off-set created by alumina layer
is even larger. No electron migration from tin oxide to electrolyte through alumina is
expected as well. Thus, there is no SEI formation in the first cycle. The observation of
SEI formation in the second cycle is surprising and will be explained later.
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Figure 6.6: The XRD pattern showing no peak of titania due to the amorphous phase, the
tin oxides were completely reduced to tin after cycling (a), SEM and TEM (inset) images
of titania-coated SnO2 NWs after 100 cycles showing the original morphology (b)
Figure 6.6a shows the XRD patterns of pure SnO2 NWs, and titania-coated SnO2
NWs. All of the peaks of SnO2 NWs are assigned to pure SnO2 single-phase structure
[PDF 00-002-1340], while titania coated SnO2 NWs shows same phase with low intensity
peaks. No peaks corresponding to titania or alumina were observed from tin oxide
nanowires coated with thin layers indicating amorphous nature of the coatings. The TEM
image in Figure 6.1 also corroborates the formation of an amorphous layer of titania. The
XRD patterns also shows that SnO2 NWs are completely reduced to Sn after cycling
when using titania-coated SnO2 NWs [PDF 03-065-0296]. This is completely expected
and similar to other studies using SnO2 electrode126-127. However, in our case the
nanowire morphology is retained after cycling while the other studies showed that SnO2
NW is destroyed while cycling. The SEM and TEM of a typical titania-coated SnO2 NWs
after cycling for 100 cycles are shown in Figure 6.6b. It is clear that titania- or aluminacoated SnO2 NW morphology is maintained after 100 charge-discharge cycles. This is
due to the presence of titania or alumina layer, which acts as a mechanical protective
147

shield against pulverization during volume expansion, while still allowing lithium ions
diffuse through to maintain cycling process. This further explains the high capacity
retention at very high current density of 1500 mAg-1. The presence of titania layer also
helps to scavenge HF produced by the reaction of the trace amounts of water and LiPF6 in
the electrolyte144. However, our observation reveals that all samples experienced severe
delamination after 30 cycles with slow fading after 17 cycles (Figure 6.7). The columbic
efficiency is 87% for the 1st cycle, increases to 97% at the 3rd cycle and remains up to 17th
cycle, then drop down to 89% at 30th cycle. The decreasing of columbic efficiency is
attributed to slow delamination from 17th cycle to 30 cycles and then rapid delamination
from 30 cycles to 100 cycles. As shown in SEM images of electrodes after 100 cycles,
the morphology is completely retained while showing complete delamination from the
substrate. Hence, the binder or some other coating is necessary to avoid the delamination.

Figure 6.7: (a) Charge and discharge capacities vs. cycle number of titania-coated SnO2
NWs at current density of 1500 mA/g; (b) the photograph of delaminated electrode: the
tin oxide film (black in color) was completely delaminated from stainless substrate and
adhered onto the separator (white in color).
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In addition, Energy dispersive X-ray spectroscopy (EDS) data of titania- or
alumina-coated SnO2 NW electrodes after cycling revealed the presence of small tin
cluster on the outer surface of SnO2 NW (Figure 6.8). The observation of Sn nanocluster
is much less when titania-coated SnO2 NWs is cycled between 1.0 to 3.0V allowing
lithium intercalation into titania and not into SnO2 (Figure 6.9). The results suggest that
the migration of tin out to the surface of coating layer happened when lithium ion
intercalates into tin oxide. Similar results are obtained with thin alumina-coated SnO2
NW electrodes.

Figure 6.8: EDS data of 15 nm titania-coated SnO2 NWs after cycling
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Figure 6.9: EDS data of titania-coated SnO2 NWs after cycling at votage of 1.0 – 3.0V
The diffusion or migration of tin through the coatings is interesting and needs to
be understood further. Much of the diffusion or migration seems to happen in the first
few cycles. As these coatings (both titania and alumina) are rigid and thus develop stress
during volume expansion experienced with lithium intercalation process. For a thin wall
titania tube with external and internal nominal diameters of ~75 nm and ~65 nm,
Shokuhfar et al.145 has reported the maximum axial strain of 5%. Assuming that the radial
strain is the same as axial strain (it should be actually smaller146) the total volume
expansion of a titania shell of 15 nm wall thickness, 300 nm inner diameter, can be
calculated to be 115.7% with 5% radial and 5% axial elongation. This value is
independent of wall thickness and inner diameter of titania nanotube. This confirms that
the titania layer suppresses radial expansion and probably axial expansion as well since
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the volume expansion of tin oxide of 240% with 45% radial and 60% axial elongation147.
Wang et al.148 has shown that LixSn ball diffused out to the SnO2 NWs surface upon 1st
charging cycle. In another study, Zhang et al.149 has reported that tin could precipitate out
on the nanowire surface due to strain gradient and breaking of coating layer of LiAlSiOx.
In our study, tin nanoclusters come out on the surface of titania or alumina coating layer
even when there are no apparent cracks in the coating layer when examined in TEM. Tin
nanocluster seems to diffuse through titania layer without breaking it. Atomic scale tin
could be produced during the reduction of tin oxide to tin or delithiation of LixSn alloy.
Tin atoms diffuse out on the surface to reduce stresses, tin crystal nucleate and coalesce
to form tin nanocluster on the nanowire surface (Figure 6.10). This phenomenon has been
widely observed for tin whisker growth in many other reports149-150. In contrast with a
recent report on carbon coating on SnO2 NWs129, the similar volume confinement has
been seen with carbon coating on SnO2 NWs but no tin nanocluster on the nanowire
surface was observed. This may be due to the different properties of coatings such as
electronic conductivity, tin and lithium diffusion rates. During cycling, the void
accumulated inside the nanowire due to de-intercalation lead to the formation of hollow
nanowire structure of SnO2 (Figure 6.11). Another explanation for hollow structure of
SnO2 after cycling is due to the difference in the diffusion coefficients of lithium ion and
tin atoms through coating layers of titania or alumina, and Li2O+LixSn+Sn matrix. The
Kirkendall effect is generally used to describe the formation of hollow structures which
involves the diffusion of two species with different diffusion rates. The outward diffusion
of tin may be faster than the inward diffusion of lithium ion. Thus, voids may be formed
due to the transport of tin to the outer surface of the protective coatings. With time these
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voids, diffuses toward the center to form hollow core as seen in Figure 6.11, resulting in a
Kirkendall effect151.

Figure 6.10: HR-TEM images of tin nanoclusters evolution on the surface of titania
coating layer: tin started squeezing out a) and b); coalescing to form tin nanocluster c);
tin nanoclusters on the nanowire surface d)
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Figure 6.11: TEM image of titania-coated SnO2 NWs after cycling at showing nanowire
morphology with hollow structure
The presence of tin nanoclusters on the outer surface of SnO2 NWs promotes the
electronic conductivity of the electrodes which also explains the high capacity retention
at very high current density137. The tin nanocluster formation during 1st cylce (Figure
6.12) also trigger SEI formation from the 2nd cycle and remain up to 10th cycle as shown
in Figure 2a. This is consistent with what is observed in cyclic voltammetry results
shown in Figure 6.2. Figure 6.13 shows the SEM image of 5 nm titania, 1 nm aluminacoated SnO2 NW after cycling for 52 cycles. Interestingly, the NW morphology is still
maintained, wire-like morphology held by Li2O matrix with Sn particles, but the coating
seems to dissolve in ethanol during sample preparation. These results suggest that even 1
nm thin coatings could protect the SnO2 NW morphology. The Young's and bulk
modulus of titania and alumina (Table 6.2) suggest that alumina coating will be more
rigid exerting more stress during lithium intercalation. The TEM-based EDS analysis of 1
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nm thick alumina-coated SnO2 NWs suggests the presence of Sn particles and some
carbon, fluorine, phosphor materials which is believed to come from the decomposition
of electrolyte (Figure 6.14). These materials are reported to be a stable SEI layer which
help to increase the rate capacity142.

Figure 6.12: HR-TEM of titania-coated SnO2 NWs after 1st cycle showing presence of tin
nanoclusters on nanowire surface
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Figure 6.13: SEM, TEM (inset) images of thin layer of titania-(a), alumina-(b) coated
SnO2 NWs after cycling. The white spot as Sn clusters are presence in either titania- or
alumina-coated SnO2 NWs

Figure 6.14: EDS data of 5 nm titania-coated SnO2 NWs after cycling

Table 6.2: Young’s and bulk modulus of alumina and titania
E, GPa
Titania

G, GPa Structure

36-43

10-18 nm wall thickness, 35-70 nm diameter, nanotube

23

10 nm wall thickness, 65 nm diameter, nanotube
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44

30 nm wall thickness, 80 nm diameter, nanotube

151

200 nm thickness, anatase film

146

280 nm thickness film
140

Alumina

168-182

50-300 nm thickness film
235

6.4 Conclusions
In summary, titania and alumina coatings have been investigated on SnO2 NWs
without using any binders. Ultra-thin layers as thin as 1 nm stabilized the onedimmesional morphology of SnO2 nanowires and allowed for high capacity retention
after 30 cycles at high rates (over 767 mAhg-1 at 1C and 664 mAhg-1 at 2C). No initial
capacity loss due to SEI formation was found which increased the reversible capacity
retention. Interestingly, both titania- and alumina-coated tin oxide nanowire arrays
exhibited tin migration through the coatings to form tin nanoclusters. The compressive
stress build-up during lithium intercalation and the enhanced diffusion of tin during
lithium de-intercalation allowed for migration of tin to outside of coatings. The
knowledge on the stability of ultra-thin coatings during lithium intercalation/deintercalation is important for many materials systems. The results obtained with tin
should be applicable to other high capacity materials such as silicon.
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CHAPTER VII

CONCLUSIONS
7.1 The fluidized bed reactor
•

The scalability of nanowire production using the downstream atmospheric
microwave reactor has been shown to be limited due to short residence time and
plasma instability issues. Even with limited scale of 100 grams batch runs per
day, the production studies have shown that the yield can be improved to 95%
using various reactor modifications on powder feeding, collection and cooling of
powder plume.

•

An upward conical fluidized bed reactor employing atmospheric microwave and
hydrocarbon flames is designed and operated for 10 kilograms per day scale
production of metal oxide nanowires.

•

The fluidization in a fluidized bed reactor has been shown to increase the
residence time which seemed to help with conversion.

•

There is also a cyclone and a filter housing which enables the efficient powder
collection and allows continuous production for long period of time
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7.2 Large scale production of zinc oxide nanowires using fluidized bed reactor
•

The single crystalline nanowires produced using microwave plasma are about 2080 nm in diameter, about 1 micron in length, aspect ratio of 6 – 20. The single
crystalline nanowires produced using hydrocarbon are larger in diameter of about
80 – 150 nm, about the same length of 1 micron, aspect ratio of 2 – 10.

•

The production rate as high as 1.2 kilograms per hour is obtained using
hydrocarbon flame. The yield is about 30% using microwave plasma flame and is
about 90% using hydrocarbon.

•

The nanowire morphology can be controlled by varying the operating parameters
such as flame source, gas flow rate, zinc feeding rate, etc.

•

The yield can be increased by increasing hydrocarbon flow rate and flame
volume. The production capacity can be increased by increasing the feeding rate,
hydrocarbon flow rate, and flame volume.

7.3 Solvo-plasma production of metal oxide nanowires
•

Showed that solvo-plasma oxidation concept works with low-melting point metal
oxide systems as well. In particular, tin oxide nanowires were obtained using
plasma oxidation of either tin or tin oxide mixed with alkali compounds. The
reaction time scales of a few seconds to a minute making these techniques as
highly scalable.

•

A fast nanowire growth rate of 1 µm/min was observed which is 25 time higher
than that with thermal oxidation techniques. The use of tin mono-oxide as
precursor has been shown to have the growth rate up to 40 µm/min for solvoplasma oxidation technique
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•

The presence of intermediate phase of potassium stannate has been observed
which could be responsible for the observed one-dimensional growth. Further
acid wash and annealing of potassium stannate allowed for formation of porous
tin oxide nanowires. The observation of intermediate compound with layered
structure could provide a clue to explain one-dimensional growth observed with
other materials systems with solvo-plasma oxidation concept.

•

The solvo-plasma technique seems to be a generic scheme for synthesizing most
of metal oxides including titanium, cobalt, manganese, tungsten, zinc and tin
oxide.

•

Solvo-plasma is a fast, scalable method which is an ideal replacement for several
liquid phase techniques such as hydrothermal, precipitation, electrochemical
syntheses. A simple lab-scale roll-to-roll setup can produce up to 300 grams per
hour.

7.4 Applications of nanowires as catalyst supports and lithium ion batteries
•

Zinc oxide nanowires were used as catalytic adsorbent supports for nickel
clusters. Extrudates made using zinc oxide nanowires decorated with 6-15 wt%
nickel clusters and γ-alumina as binder were shown to remove sulfur content in
diesel from 30-200 ppm to less than 1 ppm. The steady state activity of the
catalyst was achieved within the first few hours and remained constant for over
100 hour tests.

•

Ultra-thin layers of titania and alumina as thin as 1 nm stabilized the onedimmesional morphology of SnO2 nanowires and allowed for high capacity
retention after 30 cycles at high rates (over 767 mAhg-1 at 1C and 664 mAhg-1 at
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2C). No initial capacity loss due to SEI formation was found which increased the
reversible capacity retention.
•

Both titania- and alumina-coated tin oxide nanowire arrays exhibited tin migration
through the coatings to form tin nanoclusters. The compressive stress build-up
during lithium intercalation and the enhanced diffusion of tin during lithium deintercalation allowed for migration of tin to outside of coatings. The results
obtained with tin should be applicable to other high capacity materials such as
silicon.

•

Porous tin oxide nanowires (with surface area of 36 m2/g) showed a high
reversible capacity of 848 mAh g-1 after 55 cycles at a current density of 100
mA/g.
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CHAPTER VIII

RECOMMENDATIONS FOR FUTURE WORK
In this dissertation, methods and reactors for producing metal oxide nanowires of
zinc and tin are described in addition to brief discussions of applications of zinc oxide
and tin oxide nanowires as catalyst support for hydro-desulfurization and anodes for
lithium ion battery, respectively. Following are the recommendations for future works:
•

Incorporation of plasma flame in the fluidized bed for controlling the nanowire
morphology and yield can be achieved. The plasma flame would provide highly
active species such as electrons, ions, neutrals in addition to main hydrocarbon
flame sources. The previous experiments show that higher aspect ratio, narrower
in diameter and longer in length of nanowires were produced using plasma flame.
Therefore, small amount of these active species in combination with hydrocarbon
would result in desired aspect ratio, diameter, and length of nanowires.

•

The plasma flame should be introduced nearby the bottom inlet at an angle to
avoid the heating to quartz. A high flow should be used for the plasma to avoid
the backstreams to applicator. Oxygen plasma is highly recommended to increase
the active oxygen species necessary for promoting nanowire growth and
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increasing yield.
•

The fluidized bed reactor can be extended to other low melting point metals such
as tin, aluminum, indium, and titania. The results can be either nanowires or
nanoparticles but both will be useful for different applications.

•

Experiments with mix-precursors should be a good try for support-free nanowire
growth using solvo-plasma techniques in the fluidized bed reactor. For example,
mixture of tin oxide particles and potassium oxides can be fed into fluidized bed
reactor to form stannate nanowires. In some cases, mixed metal oxide particles
can be produced for many exciting applications.

•

In-situ TEM experiment for the growth of metal oxide nanowires using their
corresponding oxide particles could give more valuable mechanistic insights of
nanowire formation from particles via solvo plasma. Fundamental studies of this
scheme would provide valuable information for designing nanomaterials of many
other material systems using solvo-plasma technique.
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